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ABSTRACT
STUDIES RELATED TO MICROBIALLY INDUCED CORROSION OF STAINLESS
STEEL GRADES 304 AND 316
SOMIL GUPTA
2015
Pitting corrosion of stainless steel (SS) is observed in many different industries including
the dairy industry. It is of concern, because it weakens the steel, and can cause cracking.
Any replacement or repair of SS equipment is very costly and also causes delays in
product manufacture. Microbial Induced Corrosion (MIC) is a possible accelerator of
natural corrosion seen in galvanized steel pipes. Studies have shown a correlation
between surface roughness and the ability of bacteria to colonize and form biofilms.
Dairy industry utilizes higher food grade SS 304 and 316. However, even these relatively
corrosion resistant stainless steel grades may experience some pitting corrosion. These
two grades have compositional differences that lead to differences in their resistance to
corrosion. This study compares the ability of thermoduric bacterial biofilms to cause
microbiologically induced corrosion on SS 304 and SS 316 coupons. High Heat Resistant
Spore forming (HHRS) bacteria such as Bacillus sporothermodurans, and Geobacillus
stearothermophilus were used to study the development of pitting corrosion on polished
and unpolished coupon surfaces of SS 304 and SS 316. Studies also investigated the
ability of mixed species biofilms to induce pitting corrosion. Additionally, potential of
leaching of any heavy metals from corroded surfaces of the coupons that were exposed to
mixed species biofilms under milk environment was studied. Experiments were
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conducted to evaluate the effects of Clean-In-Place (CIP) chemicals on enhancement of
pre-formed pitting corrosions due to microbial biofilms.
It can be concluded from this study that both SS 304 and 316 support the
development of thermoduric biofilms. Both polished and unpolished surfaces supported
the biofilm formation. Biofilm formation, as evaluated by viable cell counts technique,
showed the highest embedded cells in the case of B. sporothermodurans, as compared to
G. stearothermophilus or a mixed species biofilm of the two species.
Mono species thermoduric bacterial biofilms of B. sporothermodurans, G.
stearothermophilus, and the mixed species of both could induce pitting corrosion on SS
304 and 316 coupons under lab conditions. Both unpolished and polished surfaces proved
susceptible to pitting corrosion. Induction of pitting was found to occur within just one
week on SS 304, when exposed to multispecies biofilm environment. On the other hand,
pitting corrosion occurred after 2 weeks on both grades of SS exposed to thermophilic
biofilm of G. stearothermophilus. Both grades of SS exposed to biofilm of B.
sporothermodurans had first signs of pitting after 4 weeks. This proves that mixed
species biofilm had most detrimental effect on SS in terms of induction of pitting
corrosion, and SS 304 proved to be less corrosion resistant as compared to SS 316.
Pits observed on unpolished surfaces were in the form of large craters, which
were very widely distributed. These pits also had pinhole like structures inside the
craters. Pit morphology observed on unpolished surfaces of either grade was found to be
comparable. On the other hand, pits seen on polished coupons were deep and scattered,
and had corrosion products deposited as debris either outside or inside the pits. The pit
morphology observed on polished surfaces of either grade appeared alike. More numbers

xxiii
of pits were always observed on unpolished surfaces as compared to polished surfaces of
both grades of SS. This proved that unpolished surfaces were more vulnerable to
microbial pitting attack as compared to polished surfaces of either grade. An increase in
elemental Oxygen and Sulfur, and a decrease in Iron in the pits, was demonstrated by
Elemental Dispersive Spectroscopy (EDS), which confirmed the presence of corrosion
products, and hence MIC.
The presence of large amounts of Iron in the used up milk suspension indicated
the leaching out of Iron from microbially induced pit surfaces into the spent milk during
the course of pitting or its induction. No leaching of Nickel and Chromium was
observed.
The CIP treatments of SS 304 coupons, with preformed pitting corrosion, resulted
in some enhancement of pitting corrosion after 5 cleaning cycles. Under similar cleaning
treatments, SS 316 coupons proved resistant to any enhancement of corrosion of preformed microbially induced pits by cleaning chemicals up to five cleaning cycles. This
study validates the currently held opinion of higher corrosion resistance of SS 316 as
compared to SS 304.
It is recommended to conduct further plant scale studies or studies under
continuous systems such as a bioreactor to ascertain if the induction of pitting corrosion
or heavy metal leaching would occur at the same scale as exhibited by the lab scale
system. Studies for optimizing CIP chemical concentration, contact time, and temperature
need to be conducted, to avoid any adverse effects of CIP cycles on SS surfaces.

1
INTRODUCTION
This research explains the role of biofilms of thermoduric B. sporothermodurans and G.
stearothermophilus in context of Microbially Induced Corrosion of Stainless Steel 304
and 316 used in dairy manufacturing plants. Thermoduric bacteria are a group of bacteria,
which irrespective of their optimum growth temperature, have been seen to survive
pasteurization of milk at 63oC for 30 min (Lau et al., 1991) or at 72oC for at least 15
seconds (Murphy et al., 1999). Husmark and Ronner (1993) reported a greater attachment
of spores to surfaces due to relatively high hydrophobicity as compared to vegetative
cells. The spores, and the vegetative cells that survived pasteurization by forming spores
can thus be seen to adhere to the surfaces of pipelines and processing equipment, leading
to the formation of biofilms. These biofilms provide protection to vegetative cells and
their spores from cleaning and sanitizing agents (Hood and Zottola, 1995). These
biofilms pose various problems in dairy plants such as: production of toxins, production
of spoilage enzymes which cause spoilage of pasteurized milk (Meer et al., 1991),
blockage of lines, which would require either higher pumping action or stoppage of plant
to remove the biofilm, increased rate of corrosion, and other physical deterioration of on
line sensors etc. (Wirtanen et al., 1996, Flint et al., 2001), contamination of finished
products that may shorten the shelf life or facilitate transmission of diseases (Hood and
Zottola, 1995). The presence of biofilms is an indication of organic buildup or roughened
stainless steel that allows the bacteria to attach and form niches, which will eventually
lead to the formation of a biofilm matrix.
Work by Russell (1993) proposed that bacterial biofilms can not only cross contaminate
dairy products, but may also cause corrosion of the metal surfaces. Little et al., (1986)
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also recognized the bacterial attachment to a surface as an essential step for initiation of
corrosion. Almedia and De Franca (1999) stated that thermophilic microorganisms can
adhere to metal surfaces and promote the development of biofilms and thus induce
corrosion, which is also termed as Microbially Induced Corrosion (MIC). Pitting is a
specialized form of local corrosion that has been recorded in the food and dairy industry.
This form of corrosion is due to the formation of small, but deep pits within the stainless
steel. Pitting is of concern, because it weakens the steel and can cause cracking. Any
replacement or repairs are very costly and will cause delays in manufacturing. Food
Processing Industry in the U.S. alone accounted for a reported annual loss of $2.1 billion
due to corrosion (Koch et al., 2002). Although dairy industry utilizes higher food grade
stainless steel (SS 304 and SS 316), but even the corrosion resistant stainless steel has
been experiencing some pitting (Figures 1A-1E, 2A-B, 3A-C). The root of this problem
has not yet been completely identified, but more extensive research is of utmost
importance as the equipment are quite costly to replace.
In current context of MIC, leaching is defined as release of alloying metals of SS
from the pits induced by a biofilm on the surface of SS into milk. Principle heavy metals
reckoned from milk that leached from SS are Fe, Cr and Ni. Works by Kumar et al.,
(1994) and Agarwal et al., (1997) state about the release of metals from SS. Very limited
work has been carried out that indicates the role of MIC in leaching of metal from SS.
The presence of leached heavy metals can impact the product quality. If heavy metals
such as Iron are leached from SS to the dairy or food product, then the product will have
a metallic taste and a very quick oxidation problem. Leaching of Ni or Cr can lead to
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toxicological issues. O’Brien et al., (2003) suggested that Cr has a potent carcinogenic
effect on humans.
The process equipment needs to be cleaned regularly to reduce the formation of
biofilms, and issues of product contamination in food industry. Randolph, (2010)
suggests that cleaning and sanitation programs are the most critical process in dairy plant
operations, and they are the very first steps in dairy processing. Changani et al., (1997)
identified regular fouling in dairy heat exchangers due to operating conditions required,
as a longstanding problem. These fouled surfaces act as excellent surfaces for adhesion of
bacterial biofilms (Marchand et al., 2012). Depending upon the nature of foulant present
on the fouled surface, different chemicals are employed for their removal to make the
surface clean for next production run. Generally suggested chemicals for cleaning fouled
SS surfaces are non-abrasive alkalis and acids (Parker, 2007). Biofilms are difficult to
remove and usually require cleaners as well as sanitizers with strong oxidizing properties.
Quaternary ammonium compounds (QACs), chlorine and iodophors are some of the
disinfecting or sanitizing agents often used in the food industry to remove biofilms
(Aarnisalo et al., 2007). A mix of caustic and chlorine provides better access to chlorine
to reach the inner layer of fouling and initiates the reaction between chlorine and foulant
and enhances cleaning efficiency (Liu et al., 2001) In certain reports chlorine has been
seen to cause pitting corrosion of PHEs (BCCDC, Cowan, 1971, Corrosion Handbook,
2008). Use of severe cleaning cycles has also been shown to corrode the surfaces of SS
equipment. The overall hypothesis of the current research was that there may be
induction of pitting corrosion on milk processing SS surfaces by microbial metabolites
such as enzymes, exo-polymers, organic and inorganic acids, and hydrogen sulfide
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produced by biofilms of sporeformers commonly found in milk such as Bacillus
sporothermodurans and Geobacillus stearothermophilus. It was hypothesized that there
may be certain amount of leaching of Iron, Nickel and Chromium from SS surface
occurring as a result of pitting by the bacterial biofilms. Enhancement of corrosion in the
pre-formed microbially induced pits on SS surfaces, as a result of cleaning cycles was
also hypothesized.
The objectives of this study included:


Investigation of the ability of mono species biofilms of High Heat Resistant Spore
forming (HHRS) bacteria Bacillus sporothermodurans, and Geobacillus
stearothermophilus on SS 304 and 316 coupon surfaces to induce pitting
corrosion.



Investigation of the ability of mixed species biofilms of B. sporothermodurans,
and G. stearothermophilus on SS 304 and SS 316 polished and unpolished
coupon surfaces to induce pitting corrosion.



Investigation for the possibility of leaching of any heavy metals from any
corroded surfaces of the coupons that were exposed to biofilms of common
sporeformers.



Investigation of the possible effects of CIP cycles on pre-formed pitting corrosion.
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CHAPTER 1
LITERATURE REVIEW
SOMIL GUPTA
Properties of the two important grades of Stainless Steel
Stainless Steel (SS) is the most commonly used class of alloy in routine life. The
plenitude of applications of SS range from fabrication of equipment used in a dairy or
food processing plant to very sophisticated applications such as space vehicles. It is also
referred to as Austenitic Stainless Steel. In 1913, it was discovered by Harry Brearley that
addition of 11% chromium to carbon steel makes it corrosion and oxidation
resistant(bssa.org.uk, 2014). In steel, iron constitutes the maximum proportion. Stainless
Steel is an alloy which shows no staining, rusting or corroding in environments where
normal steels will be susceptible (Lo et al., 2009) . The name Stainless Steel was also
coined by Harry Brearley (Corrosion Handbook, 2008). The problem with 11%
chromium Stainless Steel was that it was neither ductile nor could it be welded. Scientific
research carried out in Germany was liaised by Sheffield, England, and it led to invention
of 18% chromium steel, which was ductile and could be welded. This was achieved by
addition of 8% nickel as second alloying element. New name coined for this alloy was
18/8 or “Austenitic Stainless Steel “. Later, it was discovered that addition of little
amount of molybdenum could impart better corrosion resistance to stainless steel against
the action of corrodents such as chloride solutions and mineral acids. Grade 304 and 316
have been the most commonly used grades of stainless steel used in equipment
fabrication in a dairy or food processing plant because of their chemical and mechanical ⁄
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physical stability at various food-processing temperatures, ease in cleaning and corrosion
resistance (Zottola and Sasahara, 1994). Table 1 shows the composition of stainless steel.
Characteristics of SS 316 are almost same as that of SS 304, but it has a
higher resistance to corrosion, caused by foods, detergents and, sanitizers because of the
anticorrosive properties imparted by molybdenum. Resistance to pitting and crevice
corrosion is due to higher amount of alloying elements (Amtec Consultants Ltd, 2014).
Grade 304 is often termed as the "Classic" 18/8 stainless steel and is believed to have
good corrosion resistance in many corrosive environments. However, warm chloride
solution makes it quite prone to pitting and crevice corrosion. Thus the use of SS 304
should be avoided in the food industry applications, where chloride containing cleaning
agents are employed (Amtec Consultants Ltd, 2014). SS 316 is regarded as the most
corrosion resistant grade used in dairy industry. According to Benjamin Valdez Salas,
corrosion resistance of SS is due to the presence of a protective, passive oxide film on the
surface of SS. This film is stable, tightly adherent and very thin and it can regenerate
itself if broken. The regeneration of this passive layer occurs when SS comes in contact
with air and moisture.
Global Status of the application of SS in food and dairy industry
The ubiquitous use of stainless steels contributed to a general increasing trend in the use
of SS in the early 90s (Table 2). Japan was the leader in consumption of SS, followed by
the United States of America. Table 3 shows that the tonnages of production of stainless
steel and heat resisting steel is constantly on a rise since start of this century and, Asia
accounts for the largest portion of stainless steel production worldwide due to booming
economy. Among the Asian countries, China has the highest tonnage production of SS
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(Anonymous, 2007). Koch et al., (2002) reported that a study conducted in 1975 in the
US, pointed approximate loss of $70 billion due to corrosion. The USA bears direct loss
of $276 billion- approximately 3.1% of GDP (Koch et al., 2002). The share of food
industry contributing towards this loss is around $ 2.1 billion.
Problems associated with stainless steel
Stainless steel does serve as a very superior alloy, but it is still affected by a number of
problems. Exposure to elevated temperatures poses problems for SS. Some of the
problems associated with SS usage are:
Hydrogen Embrittlement
Because of higher activation enthalpy of migration, Austenitic steel has higher resistance
to Hydrogen Embrittlement (HE) as compared to nickel (Quick and Johnson, 1979).
However, when pressure of gaseous hydrogen in atmosphere is high or during cathodic
charging, austenitic stainless steels suffers from brittle fracture (Lo et al., 2009).
Sensitization
Chromium depletion has been held accountable for sensitization. When the Chromium
content in the vicinity of the grain boundary drops below the acceptable levels for
‘stainlessness’, the material becomes brittle. Sensitization of SS is an age old
phenomenon which is well co related with stress corrosion cracking (Abou-Elazm et al.,
2009) . Although sensitization has been regarded as malicious, but recent studies have
shown that sensitized austenitic stainless steel are more resistant to inter-granular stress
corrosion cracking (Lo et al., 2009)
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Metal Dusting
This is the process of corrosion of metal in high-temperature (between about 400 and
900oC) when the metal becomes saturated with carbon and starts to break into metal
particles and graphite. There is not much understanding of the mechanisms, responsible
of metal dusting. Factors such as pressure and temperature have an influence on metal
dusting (Maier et al., 1998). Increasing pressure and temperature enhance metal dusting
in stainless steels. SS 304, dusts faster than fully austenitic counterpart, SS 310 because
of the presence of some ferrite in the former (Zhang and Young, 2007).
High temperature oxidation
The presence of Cr-rich surface oxide film on Stainless steel makes it resistive to high
temperature oxidation, even in dry oxidizing environments. The chromium oxide
gradually loses its protective capability if a wet atmosphere is present above 600oC, as
chromium reacts with water to form a volatile product, which takes away the oxidation
resistance (Lo et al., 2009) If chromium within the alloy does not diffuse fast enough to
the surface, to replenish the lost oxide with Chromium, then the oxide layer becomes Iron
rich which is rendered as non-protective (Botshekan et al., 1998).
Ridging and Sticking
During forming and rolling processes of SS fabrication, irregularities (parallel to rolling
direction) in the form of corrugations of depth about 20–50 mm get formed on the sheet
surface. Sometimes, these irregularities can even lead to formation of cracks. This
phenomenon of cracking is known as ridging (Lo et al., 2009). Sticking is defined as the
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re-attachment of debris, which got removed from the surface during rolling. This might
be a reason for surface defects in hot-rolled stainless steel (Lee et al., 1998).
The mechanism of metal corrosion
Rusting of iron materials in the presence of oxygen and water is the most familiar form of
corrosion. For corrosion to occur, the major component of stainless steel, i.e. iron
undergoes some chemical changes. The process of corrosion involves electrochemical
reactions between the metal substratum and its surrounding environment. That very initial
step involves ionization of iron atom, Fe to Fe2+; oxidation of iron. Iron atom loses its
electrons and becomes positively charged (anodic reaction) (Nimmo and Hinds, 2003)
Fe ̶ > Fe2+ + 2eThis positively charged ion is now available to bond with other negatively charged ions
from the environment. Rusting reaction combines the oxidation of iron and reduction of
oxygen at the metal and surface interface (Lee and Newman, 2003)
2H2O + 2e- ̶ > H2+ 2OHO2 + 2H2O + 4e- ̶ > 4OHFe2+ + O2 + 2H2O ̶ > 4Fe3+ + 4OHFe3+ 3OH- ̶ > am Fe(OH)3
The ferrous products of this reaction typically form the amorphous (am) solids. In case of
biocorrosion, microorganisms affect the metal chemistry. Sulfate-reducing bacteria
(SRB), which have been long focused for biocorrosion research, have been associated
with the corrosion of steel (Hamilton, 1998). They reduce sulfate to sulfide, and in
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absence of oxygen, non-homogeneous films of sulfide products, such as FeS serve as
strong cathodes to accelerate the oxidation of Iron (Lee et al., 1995).
Types of corrosion of Stainless Steel
Corrosion is the largest single cause of plant and equipment breakdown in process
industries (corrosion-doctors.org, 2013). Corrosion in general is defined as an interfacial
process leading to degradation of a surface due to electrochemical reactions between a
material and its environment (Landoulsi et al., 2008). This definition covers all the
construction and fabrication materials such as rubber, plastic and metal. However, the
scope of this study is limited to corrosion of metals, and in particular stainless steel,
which produces a new and less desirable material from the original alloy, and can result
in a loss of function of the component or system. The corrosion process occurs due to
different factors or conditions to which SS is exposed. Corrosion of Stainless steel is
majorly categorized as Dry corrosion and Wet Corrosion. Dry corrosion results from the
oxidation of metals at high temperatures. This study is limited to the discussion of wet
corrosion.
Wet Corrosion
Wet corrosion is an electrochemical corrosion process, which occurs in presence of
moisture, or an electrolyte. The presence of moisture in the environment is also
considered as a condition for wet corrosion. The corrosion of metal involves a lot of
factors ranging from chemical, electrochemical, biological, metallurgical, or mechanical.
These factors may act singly or conjointly to cause corrosion. Electrochemistry is the
main parameter affecting the process of corrosion in metals. Wet Corrosion of stainless
steel can be classified as:
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• Galvanic corrosion
• Uniform or general attack
• Crevice corrosion
• Pitting corrosion
• Inter-granular corrosion
• Stress corrosion cracking
• Corrosion fatigue
• Selective corrosion
Galvanic Corrosion
Galvanic corrosion is said to occur when the damage to the surface is induce by coupling
of two dissimilar materials in a corrosive electrolyte. The bimetallic force responsible for
causing galvanic corrosion was discovered by Luigi Galvani in the late part of the
eighteenth (corrosion-doctors.org, 2013). The principle behind galvanic corrosion is that,
when two dissimilar metals are connected to each other and immersed in their
electrolytes, there is a flow of electrons from more electro-negative metal to the less
electro-negative metal, which generates an electrical potential. This results in deposition
of electrons on less electro-negative metal, which combines with cations from the
electrolyte solution in which the metal is dipped. This end is termed as cathode. In the
more electro-negative metal, as there is loss of electron, it starts to gain cations, which
start to diffuse in the electrolyte in which it is dipped. This end is termed as anode. So
there is a loss of metal on one end and hence it is termed as corrosion. Galvanic corrosion
can occur, only under three conditions (corrosion-doctors.org, 2013):


In metals of different electro-negativity
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Electrical contact between metals is must, and



Metals must be exposed to an electrolyte solution

As explained above, to create a galvanic cell between two conducting materials (metals
or graphite), the two metals must have differing potentials or be more or less ‘noble’ than
each other (Table 4). The more noble metal, which is ideally, the cathode, stays intact as
the less noble metal (anode) corrodes.
During the process of galvanic corrosion, the corrosion rates of the two metals involved
are affected. A common understanding is that the corrosion rate of the most corrosive
metal is enhanced while that of the least corrosive is diminished. When SS comes in
contact with some other metal with low electro negativity such as aluminum or
galvanized steel, there can be flow of electron leading to formation of a galvanic cell,
which can result in corrosion. Although aluminum is anodic to SS, contact between
aluminum and stainless steel may or may not result in corrosion. This depends on surface
area in contact. Large surface area of aluminum in contact with SS will not lead to
corrosion but large contact surface area of SS with aluminum will cause corrosion
(bssa.org.uk, 2014).
Uniform or general attack
This form of corrosion occurs at a steady and often predictable rate, more or less
uniformly on the whole surface of the metal exposed to the corrosive
environment(Nimmo and Hinds, 2003, Corrosion Handbook, 2008) .This form of
corrosion is evident in most of the metals; the best example is the corrosion of carbon
steel. High temperatures and concentrations of certain mineral acids and organic acids
such as sulfuric acid or hydrochloric acid, and high strength caustic solution, can cause
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general attack of SS but it is rarely encountered in the food industry as, only nitric or
phosphoric or combination of both acids, is employed for cleaning purposes (Corrosion
Handbook, 2008).
Crevice corrosion
Corrosion of this form is seen in metals and alloys, which are dependent on a surface
oxide film formation for corrosion resistance, e.g., SS, aluminum, etc. Crevice corrosion
is an intense local attack initiated by the extremely low availability of oxygen in a crevice
(inherent or due to bad design of equipment) or a shielded area, which gets exposed to
corrosive solutions. This usually occurs on surfaces, which have stagnation of corrosive
solutions such as chlorine (BCCDC). A metal – nonmetal (gaskets) juncture can initiate
crevices. Artificial crevices can form on equipment surface by the deposition of scale
from process fluids such as hot water/ cold water and brines etc. (Corrosion Handbook,
2008). The severity of corrosion is dependent on the geometry of the crevice; the
narrower and deeper the crevice, the more severe the corrosion (Oldfield and Todd, 1984,
bssa.org.uk, 2014) . SS with molybdenum is more resistant to this type of corrosion as
compared to other alloys.
Pitting corrosion
Pitting is a very localized form of corrosion leading to the development of pits on the
metal surface and it occur in materials which have a protective film (oxide layer) or when
a coating breaks down (Nimmo and Hinds, 2003).The presence of impurities in SS has
also been attributed as one of the reasons for pitting (Lo et al., 2009). It can occur as a
result of exposure to specific environments, most notably those containing chlorides. The
exposed metal loses electrons easily (oxidation) and the reaction initiates tiny pits. These
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pits can be isolated or extremely close together, appearing as if the metal suffered from a
general attack. While designing equipment, less tolerant view of pitting should be
adopted as it can lead to equipment failure by perforation. Pitting incidences in food
industry have mostly been caused by chloride solutions at low pH (Corrosion Handbook,
2008). Breakdown of passive oxide film, leading to formation of an electrochemical cell
due to ionic migrations has been hypothesized as the initiator of pitting (Oldfield and
Todd, 1987). It has also been suggested that metal dissolution at the start of pitting might
be contributed to a surface scratch, an emerging dislocation or other defects (Evans,
1981). Initiation of pitting can occur in a matter of few days but it requires a considerably
large period of time for the development of recognizable pits. This makes the pitting
proclivity of a particular environment very difficult to assess, and there are no short-cut
laboratory testing techniques available (Corrosion Handbook, 2008). Molybdenum
should be used as an alloying element in steel, if there is a known pitting hazard
(bssa.org.uk, 2014).
Inter-granular corrosion
This form of corrosion progresses along the grain boundaries of the crystals, which form
the metal. Physical and chemical differences between the centers and edges of the grain
are considered to be responsible for this form of corrosion (bssa.org.uk, 2014). The atoms
of alloying elements in SS during the molten stage are randomly distributed, but on
cooling and solidification, they arrange as crystals. During crystallization, these crystals
randomly orient themselves and the regions where they come in contact with each other
forms grain boundaries. Because of high free energy available, grain boundaries are more
prone to corrosion (Corrosion Handbook, 2008). It is believed that in molten SS and or
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during equipment fabrication, the high temperatures (sensitization) lead to carbon and
chromium to collaborate and form chromium carbide, which gets precipitated at grain
boundaries (Schmutz, 2013). This leads to stripping of chromium from other alloying
elements adjacent to the grain boundaries. Reduction in chromium content in such
regions, make the composition of alloying element matrix similar to the main metal
matrix without chromium, which imparts corrosion resistance to SS. The lowering of
corrosion resistance in this zone make SS highly prone to corrosion by even mildly
corrosive environments (Corrosion Handbook, 2008).
Stress corrosion cracking
The combined action of static tensile stress and initiation of corrosion forms cracks,
which propagate through the metal in trans-granular mode. Stress Corrosion Cracking or
SCC cannot be visually detected and it is visible only after the perforation through the
metal has occurred. Around 50 % SS structural failures are claimed to be due to SCC
(Corrosion Handbook, 2008). This type of corrosion is induced due to:


Tensile stress
Stress on SS surface might be due to defects in fabrication or design requirements.
Previous works have demonstrated that a pit can cause an increase in stress
leading to SCC.



Corrosive fluid
Corrosive fluids such as chlorine solution or other cleaning agents might induce
corrosion on surface, which in combination with stress on equipment surface, can
propagate as SCC.



Temperature
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Temperatures on 60°C is required to cause SCC. Research work by other authors
has also stated that SCC gets induces in liquid glucose storage vessels even at
50°C (Corrosion Handbook, 2008).
Microbial Induced Corrosion
Microbially Induced Corrosion (MIC) is the process that occurs when microorganisms
adhered in a layer of polysaccharides and proteins on the metallic surface start to change
its local physiochemical condition and cause corrosion. MIC of steel in wastewater
treatment plants is well documented (Tatnall, 1981). SS too is known to be prone to MIC
(Geesey et al., 1996). Instances of corrosion of steel tanks, pipelines, and valves etc. in a
dairy plant are also documented (Babu et al., 2006). According to Geesey, (1994) MIC is
the process that occurs when microorganisms adhered in a layer of polysaccharides and
proteins on the metallic surface start to change its local physiochemical condition and
cause corrosion. Process biofilms form on metal surface which is exposed to aqueous
environments and are often predominated by a micro-organism of single species (Hup,
1979). These biofilms not only cross contaminate the food products with contaminants,
but may also cause corrosion of the metal surfaces (Russell, 1993). Microorganisms
present in the biofilms may influence corrosion by either initiating or accelerating the
surface degradation (Landoulsi et al., 2008). Previously, the biofilms of Sulfate Reducing
Bacteria (SRB) have demonstrated the ability to create pits and accelerate corrosion on
the galvanized steel lines in waste water treatment plants (Hao et al., 1996). Attachment
of these microorganisms to metal induces a unique modification of the metal–solution
interface. It changes the type and concentration of ions, pH values, redox potential and
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alters the passive or active behavior of the metallic substratum (Videla, 1989). These
changes induce localized corrosion of the metal surface (Videla, 1996).
Enzymatic Approach in MIC
Role of bacteria in corrosion of SS is much more documented than the direct influence of
enzymes (Landoulsi et al., 2008). MIC can occur in both aerobic an anaerobic
environment. Presence of highly concentrated pockets of oxygen has been confirmed
inside the biofilm, whose concentration goes on decreasing with increasing depth of
biofilm layer (Xu et al., 1998). SRB responsible for bio-corrosion, cause the detrimental
effect on metallic surface under anaerobic environment. In microorganisms, oxygen
functions as the final electron acceptor and reduction of oxygen acts as the driving force
for aerobic (microbial) corrosion. The development of biofilms on SS changes the way
oxygen is reduced, which probably is through enzymatic catalysis (Scotto et al., 1986).
To prove the role of enzymes in corrosion, Scotto and Lai, (1998) reported a decrease in
Ecorr when sodium azide was added on naturally growing biofilms on SS surface. This
result was achieved because addition of sodium azide had inhibited the microbial
enzymes. When sodium azide was removed from the system, there was again an increase
in values of Ecorr suggesting the revival of enzymes in biofilm, which were helping in
corrosion. Microbial enzymes such as peroxidase and catalase are of great concern as
these have been found to be present in marine biofilms, which are responsible for
corrosion of ship hulls (Rusling, 1998, Lai et al., 1999). Heme groups (or Hemin) present
in enzymes or proteins are responsible for transfer of electrons during enzymatic
catalysis. Hemin has been demonstrated to give anodic shift to Ecorr values during its
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immobilization on SS surface. Thus Hemin can enhance reduction of oxygen, thus
enhancing corrosion (Rusling, 1998).
In neutral pH environments, anaerobic bacteria uses metal oxides for the terminal
electron acceptance (Lovley et al., 1995). A correlation in direct contact between some
bacteria and reduction of Fe2O3 and Fe (III), indicates the role of enzymes (Caccavo et
al., 1994, Caccavo et al., 1996). SRB and thiosulfate reducing-bacteria (TRB) have been
found responsible for the degradation of metals and alloys by multiplying the cathodic
reactions involved in the process of corrosion (Javaherdashti et al., 2006, Xu et al., 2007).
These bacteria reduce sulfate to sulfite ions which then combine with ferrous ions to form
iron sulfides (FeSx), which acts as a cathode in a galvanic cell so formed with steel and
enhances corrosion (Sheng et al., 2007). Hydrogenase enzyme, which is responsible for
the metabolism of many anaerobic bacteria has shown strong role in corrosion of SS
(Iverson, 1966, Daumas et al., 1988), but its role is quite debatable as some strains of
SRB can cause MIC without presence of hydrogenase (Miller and King, 1975, Kumar et
al., 1999). A direct contact of SRB increased the corrosion rate of carbon steel but a
corrosion rate during a direct contact of hydrogenase to the metal surface is still a source
of debate (Daumas et al., 1988). Thus in both aerobic and anaerobic enzymatic MIC, an
increase in cathodic reaction rate is induced by enzymes inside biofilms which might be
the possible reason of bio-corrosion.
Corrosion by Exo-polysaccharides
Exo-polysaccharides composed of ionic groups, metabolic end products of
microorganisms such as acids, and the derived salts are capable of causing corrosion of
SS 304 (Crist´obal et al., 2006).The work carried out by Crist’obal et al., (2006) reported
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a severe corrosion attack in areas placed close to the weld track on SS coupon. They also
suggested that the severe corrosion attack is not related to the sensitization of the
austenitic stainless steel during the welding process but the bacterial attack developed in
well water.
Characteristics of SS meant for Food Industry
The contamination of surfaces by spoilage and pathogenic microorganisms is a cause of
concern in the food industry, as the contaminated product contact surfaces will deliver a
contaminated product of lower quality. While deciding the material for fabrication of
equipment, meant for food or dairy industry, along with mechanical strength and anticorrosive behavior, hygienic status of material is also highly expected (Jullien et al.,
2002). Hygienic status means low soiling and high clean-ability of equipment surface.
The type of finishing process of SS results in varying smoothness, brightness and light
reflectivity. The standard designations for SS finishes are classified by the mill forms.
Number 4 finish is a general-purpose polished finish commonly used for food equipment
(Salas et al., 2012). Surface finish expressed by mill number, is a measure of surface
roughness, Ra. An instrument in which a stylus travels across the surface and its
movement is amplified and recorded measures the roughness of a surface. The result is
generally expressed as Ra or average roughness (µm Ra) which is the arithmetic average
value of the deviation of the trace above and below the center-line (Samanta, 2009). SS
surfaces which come in contact with food and are used in equipment fabrication should
not have surface roughness, Ra above 1.0µm (DIN, 1992). For hygienic surfaces in the
dairy industry, Ra should be 0.8 µ (Anon, 1993, Flint, 1997, Milledge, 2010). A higher
surface roughness makes cleaning of stainless steel difficult, as soils adhere more to
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roughened surfaces (Marchand et al., 2012). But, EHEDG guidelines suggest that an
average surface roughness (Ra) of up to 3.2 µm would be acceptable (Fuggle et al.,
1998).Due to such discrepancies in the technical literature available, little evidence
supports the assumption that minimal RA is related to a faultless hygienic status.
Bacterial attachment to food contact surfaces
The ability of bacteria to glue to surfaces and get engaged in formation of biofilms is very
common. Biofilm formation and development on a surface depends on interactions
between three main components: bacterial cells, the attachment surface and the
surrounding medium (Van Houdt and Michiels, 2010). Bacteria attach to any surface with
the help of:
Flagella
Motility of microorganism is necessary to reach the surface to form biofilms. Flagella
themselves can directly mediate attachment to surfaces. Motility by Flagella is very
important for initial cell-to-surface contact and biofilm formation (Pratt and Kolter, 1998,
Kim et al., 2008). Motility is also required for movement along the surface, thereby,
helping in growth and spreading of a developing biofilm. Lack of flagella affects the
initial attachment under flow conditions (Kim et al., 2008). Such demonstrated results
indicate that flagella affect the adherence and biofilm formation via different mechanisms
depending on the type of bacterium (Van Houdt and Michiels, 2010).
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Surface Appendages
Fimbriae are the thread like structures protruding from the surface of cell. They have
been classified on the basis of their adhesive, antigenic or physical properties, or on the
basis of similarities in the primary amino acid sequence of their major protein subunits
(Low et al., 1996). The role of Type 1 Fimbriae is very important in biofilm formation on
Teflon and stainless steel as it functions for a stable cell-to-surface attachment for
numerous E. coli strains (Austin et al., 1998, Pratt and Kolter, 1998). Type 1 and Type 3
Fimbriae in Kl. pneumonia strain facilitate its attachment to both glass and
polypropylene, and the formation of a completely mature biofilm on polystyrene (Di
Martino et al., 2003). Structurally, Pili are similar to fimbriae, and are involved in the
process of conjugation which can stimulate biofilm development (Reisner et al., 2003).
Surface polysaccharides
The surface Lipo polysaccharide layer present on gram negative bacteria affects the
bacteria`s susceptibility to disinfectants, antibiotics and other toxic molecules and also
plays a role in biofilm formation (Russell and Furr, 1986). There have been welldocumented reports available showing the role of exo- polysaccharides in attachment of
bacteria to the stainless steel and other product contact surfaces. But EPS production not
always is beneficial as it has been reported that overproduction of EPS by E. coli
O157:H7 inhibits its attachment to SS (Ryu et al., 2004 a)
Leaching of metals from SS surface to foods
The most frequently used grades in food processing equipment; SS 304 and SS 316,
contain 8–10 % by weight of Ni (Salas et al., 2012). Addition of nickel to Stainless Steel
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enhances its corrosion resistance, which usually has a retarded effect on the migration
rate or metal release) (Herting et al., 2007). However, nickel is a suspicious element to be
used, from a toxicological point of view (Herting et al., 2008). If the chromium content is
high (12 % by weight), in the SS, sufficient corrosion resistance will be imparted, even if
nickel is not used as an alloying element. Such steel can be used in areas where the food
is not so corrosive. So Steels with chromium such as AISI 430 can be used in kitchen
utensils etc. and the toxic effects of nickel can be eliminated. But the effects of high
chromium too cannot be ignored. Chromium is as an essential element for human body.
A daily intake of 50–200 µg chromium is recommended by the US national Council
(Aitio, 1996). WHO recommends 50 µg L-1 as the safe limit for drinking water
(Organization, 2006). Adverse health effects are generally not expected from a daily
intake of 10 mg/person (Micronutrients et al., 2001). But a too high dosage of chromium
can cause toxic effects in humans. There have been some reports on leaching of
chromium from stainless steel used on food contact surfaces (Flint and Packirisamy,
1997). There are no standardized tests for determining the released chromium from
stainless steel in foods. The surface finish of stainless steel has a big influence on the
release rate of chromium and iron into foods. Stainless steel can vary significantly in
appearance and performance depending on how the surface is finished. The release rates
of alloying constituents from the stainless steels with different surface finishes can be
related most closely to variations in their electrochemically active surface areas (Herting
et al., 2006). The ratio of surface area of metal to volume of food has a considerable
effect on the released metal concentration. Temperature dependence on the migration rate
of chromium has been observed on abraded stainless steel (Herting et al., 2006).

24
Role of cleaning solutions in corrosion
Chlorine gas, sodium or calcium hypochlorite, and organic chlorine are the most
commonly used sanitizers in food application. The activity of chlorine is affected by pH
and temperature. Organic matter rapidly inactivates chlorine. The major problem in using
chlorine is its corrosiveness to surfaces (Parker, 2007). High temperature increases the
risk of corrosion. It is not only the Stainless steel, but when left in contact with gaskets, it
does corrode them too. Crevice corrosion is the most common local intense attack on the
metal. This occurs in Plate heat exchangers, pipe line fittings and plug cocks. Sodium
hypochlorite solution used for cleaning is dangerous for process equipment. The
concentration of hypochlorite should not be above 150 ppm (Cowan, 1971). The contact
time of hypochlorite solution is very critical and should never be above 20 minutes
(Cowan, 1971). If cleaning is not effective and milk stones, if left on equipment, when
come in contact with hypochlorite, release elementary chlorine, which is very corrosive
to SS. Use of acid before alkali in a cleaning cycle, can cause crevice corrosion, as acids
have poor detergent action on proteins and fats. Thus any milk chlorides trapped in the
scaled surface become highly acidic due to absorption of acid. Under such conditions,
high amounts of scale deposits accumulate and because of chloride sanitizers, can cause
corrosion over an extended period of time (Cowan, 1971). The general rule says that if a
processor sees corrosion in two to three years with standard grades of SS, selecting
higher alloys may be worthwhile. But if equipment lasts for 10-15 years, it’s probably not
worth the expense of higher alloys, which can raise the price of equipment by 200 to 300
percent on SS 304 and 316(Wayne, 2010).
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Table 1. Composition of Stainless Steel
Composition in percentage
Grade

Carbon

Manganese Silicon

Chromium Nickel

304

0.08

2.00

18.0-20.0

1.00

8.0-10.5

Molybdenum Others
-

Sulfur .030
Phosphorus
0.045

304 L*

0.03

2.00

1.00

18.0-20.0

8.0-12.0

-

Sulfur .030
Phosphorus
0.045

316

0.08

2.00

1.00

16.0-18.0

10.0-14.0

2.0-3.0

Sulfur .030
Phosphorus
0.045

316 L*

0.03

2.00

1.00

16.0-18.0

10.0-14.0

2.0-3.0

Sulfur .030
Phosphorus
0.045



Sourced from Corrosion Handbook, 2008



L* represent Low carbon Stainless Steel
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Table 2. Consumption (in 1000 Tones) of stainless steels in some of the major economies
in 90`s
Year
1990

1991

1992

1993

1994

1995

1996

China

185

325

470

649

631

717

941

France

380

400

408

340

440

518

413

Germany

900

935

975

915

960

1093

1061

Japan

1836

1985

1760

1750

1837

2045

2105

U.K

300

255

308

303

330

310

291

U.S.A

1537

1479

1612

1742

1960

2015

2088



Sourced from Lo. et al., 2009
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Table 3: Tonnages of stainless and heat resisting crude steel production in major
continents (in 1000 metric tones)
Year
2001

2002

2003

2004

2005

2006

2007

Western Europe/ Asia

185

325

470

649

631

717

941

Central and Eastern Europe

380

400

408

340

440

518

413

The Americas

900

935

975

915

960

1093

1061

Asia

1836

1985

1760

1750

1837

2045

2105

World

300

255

308

303

330

310

291



Sourced from Lo. et al., 2009
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Table 4. Materials in order of their nobility to corrosion
Anodic (Least Nobel)
Magnesium
Zinc
Aluminum
Carbon Steel or Cast Iron
Copper Alloys (Brass, Bronze)
Lead
Stainless Steel
Nickel Alloys
Titanium
Cathodic (Most Nobel)


Sourced from Corrosion Handbook, 2008
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Figure 1A. Crevice corrosion at the interplate contact points of a heat exchanger plate
(Corrosion Handbook, 2008). Red arrows show the location of pitting

Figure 1B. Elongated pitting attack on a 316 stainless steel heat exchanger plate
(Corrosion Handbook, 2008). Red arrows show the location of pitting
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Figure 1C. Pitting corrosion of a stainless steel injector caused by the presence of a
hydrochloric acid in the steam supply (Corrosion Handbook, 2008). Red arrows show the
location of pitting. Red arrows show the location of some pitted areas on a corroded
Direct Steam Injector body

Figure 1D. Corroded pump impeller caused by tomato ketchup (Corrosion Handbook,
2008)
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Figure 1E. Corroded valve body caused by tomato ketchup (Corrosion Handbook, 2008).
Red arrows show the location of some of pitted areas on completely corroded body

Figure 2A. Severe pitting attack on a 3-inch diameter molybdenum bearing stainless
steel heating coil (Cowan, 1971). Red arrows show the location of pitting
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Figure 2B. Crevice Corrosion occurring at pip-to-pip bearing points in a PHE (Cowan,
1971). Red arrows show the location of pitting

Figure 3A. Corrosion attack on a regeneration section plate of milk PHE fabricated using
SS 316 plate. Red arrows show the location of pitting
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Figure 3B. Corrosion attack on a regeneration section plate of milk PHE fabricated using
SS 316 plate. Red arrows show the location of pitting

Figure 3C. Corrosion attack on a regeneration section plate of milk PHE fabricated using
SS 316 plate. Red arrows show the location of pitting
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CHAPTER 2
INDUCTION OF PITTING CORROSION ON STAINLESS STEEL (GRADES 304
AND 316) COUPONS BY Bacillus sporothermodurans AND Geobacillus
stearothermophilus
SOMIL GUPTA
ABSTRACT
Polished and unpolished Stainless Steel (SS) surfaces of dairy equipment may undergo
corrosion leading to product quality loss and economic concerns. The objective of this
study was to investigate the possibility of Microbially Induced Corrosion (MIC) or pitting
corrosion on SS grades 304 and 316, due to biofilm formation by common sporeformers
in milk such as Bacillus sporothermodurans and Geobacillus stearothermophilus. It was
hypothesized that there may be induction of pitting corrosion on milk processing SS
surfaces by microbial metabolites such as enzymes, exo-polymers, organic and inorganic
acids, and hydrogen sulfide produced by sporeformers embedded in biofilms. In this
study, strain DSMZ 10599 of B. sporothermodurans, and ATCC 15952 of G.
stearothermophilus of dairy origin were used to develop biofilms on polished and
unpolished SS coupons (2.54 cm x 2.54 cm x 0.2 cm) of grades 304 and 316. The strains
were selected due to their higher proteolytic activity. About 8.0 log10 cfu/mL of the
overnight grown cultures were inoculated in sterile 11% reconstituted Non Fat Dry Milk
(NFDM) in Petri dishes, in which sterile SS coupons were immersed. The incubation was
carried out at 30° and 55°C for B. sporothermodurans and G. stearothermophilus, being
the optimum growth temperatures of the cultures, respectively. The suspension medium
(NFDM) was replaced at regular intervals. Bacterial counts from the spent media and
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biofilm were taken after every two weeks to monitor the culture viability and growth for
both the cultures. The data were statistically analyzed to compare means using Tukey
Multiple comparison procedure. The counts of B. sporothermodurans in spent media and
biofilms ranged from 7.4 to 9.4 log10 cfu/mL and 6.4 to 7.6 log10 cfu/cm2, respectively,
while for G. stearothermophilus the range was from 8.1to 8.9 log10 cfu/mL and 2.7 to 4.6.
log10 cfu/cm2, respectively. Scanning Electron Microscopy (SEM) was used to observe
any surface changes indicating pitting corrosion on the control and test coupons.
Micrographs generated from Energy Dispersive Spectroscopy (EDS) were used to find
the elemental composition and distribution on the control and pitted surfaces. From SEM
images and EDS micrographs, it was observed that pitting corrosion on surfaces
(polished and unpolished) of both grades of SS could be induced by biofilms of both B.
sporothermodurans and G. stearothermophilus. The pits were observed to be distinct for
the two grades of SS. Pits on unpolished surfaces were found to be deep and vastly
scattered. While, on polished surfaces, a fewer pits with corrosion products deposited all
over them were observed. There was no observable difference in the pits produced by the
two cultures. Elemental decrease in the Iron content, and increase in Sulfur and Oxygen
on the pit surfaces further confirmed the presence of corrosion products. In conclusion, B.
sporothermodurans and G. stearothermophilus strains tested induced corrosion on the
surface of stainless steel of both grades.
Key words: Microbially induced corrosion, Pitting, Stainless steel, Biofilm, Sporeformer
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INTRODUCTION
Dairy industry manufactures a wide range of food products ranging from fluid milk,
cheese, butter, and milk powders to dry ingredients such as whey, lactose, and casein. In
a dairy plant, good hygiene is an essential pre-requisite to prevent the cross
contamination of products being processed. Despite this, microbial contamination is
known to occur at all stages during production, transportation, storage, and processing of
milk (Flint et al., 1997). Milk pasteurization at 63oC for 30 min (Lau et al., 1991) or at
72oC for at least 15 seconds (Murphy et al., 1999) kills most of the vegetative cells, but
the bacterial endospores survive (Scheldeman et al., 2006).The surviving spores may
germinate back into vegetative cells as soon as conditions become favorable for growth,
and can cause spoilage and defects in the product. It has also been reported by Husmark
and Ronner (1993) that spores attach to surfaces at a greater rate due to relatively high
hydrophobicity as compared to vegetative cells. Some spores have adhesive
characteristics, which aid in their attachment to the surfaces of pipelines and processing
equipment, leading to the formation of biofilms (Andersson and Rönner, 1998). Biofilms
are defined as the colonization of microorganisms and their extracellular polymeric
substance over any surface (Flint et al., 2001), and when present on the surface of milk
processing equipment, these serve as a major source of contamination of dairy products
(Bouman et al., 1982). It is widely accepted in food industry that adhesion and
colonization of bacteria as biofilms cause problems by affecting the product quality
(Kumar and Anand, 1998). In addition, biofouling of heat exchangers due to buildup of
biomass from biofilms can also lead to a decrease in the efficiency of heat transfer
(Bower et al., 1996). Bacterial biofilms are more difficult to eliminate than free-living
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cells from within a system (Wirtanen and Mattila-Sandholm, 1992b, a). Work by Austin
and Bergeron (1995) showed the ability of bacteria to adhere even to rubber gaskets and
stainless steel surfaces. In general, process biofilms are formed over a surface that comes
in direct contact with a flowing product. They are characterized by rapid development
and counts as high as 6.0 Log10 cells/cm2 (Bouman et al., 1982) that are often
predominated by a microorganism of single species (Hup and Stadhouders, 1979). A
common example is the development of biofilms in regeneration section of a pasteurizer
within 12 h of operation (Bouman et al., 1982). According to Marshall et al., (1971) the
attachment of bacteria to a surface is the very first and essential stage in the formation of
a biofilm, which is a two-step process. The first step is known as a reversible biofilm, in
which, the microorganism come in a close proximity to the surface and get weakly held
by electrostatic forces. In the second irreversible step, the attached microorganism may
produce exo-polysaccharides (EPS) and make the bacterial cell stick better to the surface.
Work by Russell (1993) proposed that bacterial biofilms might not only cross
contaminate the dairy products, but may also cause corrosion of the metal surfaces. Some
of the other work by Little et al., (1986) also suggested that bacterial attachment to a
surface is essential for initiation of corrosion. As the cells in a biofilm propagate, they
alter the electro-chemical characteristics of the metal surface leading to cathodic
depolarization (due to depletion of oxygen during microbial growth), and the increased
localized acidity around microbial colonies may cause corrosion (Gu et al., 2000).Thus
bacteria may corrode metal by covering the metal surface with biofilms, creating local
corrosion cells, or by inducing the corrosion process by depolarization of hydrogen at the
metal surface (Salas et al., 2012). According to Almedia and De Franca (1999)
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thermophilic microorganisms can adhere to metal surfaces and promote the development
of biofilms and thus induce corrosion, which is also termed as Microbially Induced
Corrosion (MIC). There are numerous examples of MIC of stainless steels documented in
the literature (Werner et al., 1998). Several characteristics of bacteria including acid
production, sulfate reduction, reduction of Oxygen, Sulfate, and Ferric iron have been
linked to MIC (Lee and Newman, 2003, Amtec Consultants Ltd, 2014). Biofilms of SRB
have long been observed to cause pitting and accelerate corrosion on the surface of
galvanized steel lines in wastewater treatment plants (Hao et al., 1996, Fonseca et al.,
1998).
Corrosion has economic consequences as well, and Food Processing Industry in
the U.S. alone accounted for a reported annual loss of $2.1 billion due to corrosion (Koch
et al., 2002). Corrosion of process equipment is even evident in dairy processing plants
and it has been linked to harsh chemicals used in cleaning in place (CIP) cycles, and the
use of chlorine for sanitation of the cleaned equipment surface. The liberation of free
chlorine causes pitting, which is characterized by local breakdown of the protective
‘passive’ oxide surface layer and formation of local deep pits on the surface of stainless
steel (Van Houdt and Michiels, 2010). These deep pits weaken the stainless steel
structure and may cause cracking, and hence, structural failure leading to expensive
replacements.
High mechanical and physical stability at various food-processing temperatures,
easy cleaning, and higher resistance to corrosion, make SS grades 304 and 316 the most
preferred and used equipment fabrication material in Dairy Industry (Zottola and
Sasahara, 1994). Grade 304 is the "Classic" 18/8 stainless and generally contains between
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17.5 - 20.0 % Chromium & 8 - 11% Nickel. It is claimed to have corrosion resistance
characteristics in many atmospheric corrosion environments, however, it is quite
susceptible to pitting and crevice corrosion in warm chloride containing environments,
and as such its use is avoided for applications in the food industry where chloride
containing cleaning agents are employed (Amtec Consultants Ltd, 2014). Stainless Steel
Grade 316 has nearly the same characteristics as SS 304, but has a higher resistance to
corrosion by foods, detergents and disinfectants, because of the anticorrosive properties
imparted by Molybdenum. Grade 316 SS contains between 16 and 18.5% Chromium,
between 10 and 14% Nickel, and between 2 and 3% Molybdenum. It is a preferred
material for fabrication when high levels of pitting and crevice corrosion resistance is
anticipated in chloride containing environments (Amtec Consultants Ltd, 2014). The mill
used for SS making describes the type of surface finish SS has. Number 4 finish is a
general-purpose polished finish commonly used for food equipment (Salas et al., 2012).
In addition to the oxidative corrosion, the Microbially Induced Corrosion also has a
potential to affect the SS surfaces.
As discussed above, many of the thermoduric bacilli such as B.
sporothermodurans and G. stearothermophilus (previously B. stearothermophilus
(Watterson et al., 2014)) are of significance to the dairy industry (Aouadhi et al., 2014,
Watterson et al., 2014), as their spores are high heat resistant and even survive ultra-heat
treatment (Hull et al., 1992, Durand et al., 2015). Such thermodurics can persist on the SS
contact surfaces by forming resistant biofilms, and may play a role in the Microbially
Induced Corrosion (MIC) on dairy processing equipment. The objective of this work was
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to investigate the possibilities of MIC or pitting corrosion of SS 304 and 316 by the
biofilms of B. sporothermodurans and G. stearothermophilus.
MATERIALS AND METHODS
Source of culture
B. sporothermodurans (DSMZ 10599), and G. stearothermophilus (ATCC 15952) were
purchased from American Type Culture Collection and German Collection of
Microorganisms and Cell Cultures-DSMZ (Deutsche Sammlung von Mikroorganisem
und Zellkulturen, Germany), respectively. The bacterial strains of B. sporothermodurans
and G. stearothermophilus were grown in 9 ml Brain Heart Infusion broth (Oxoid,
England) by incubating at 30oC (Khanal et al., 2014)and 55oC (Durand et al., 2015)
respectively, and were preserved for future experiments as per previously reported
protocols (Stephen, 1995). The cells of the actively growing culture were pelleted out at
mid exponential phase by spinning at 4500 x g for 30 min. The pellets were suspended in
phosphate buffer saline (PBS) at pH 7.4, and preserved in 1.8 mL cryogenic vials
(CRYOBANK, Copan Diagnostic Inc., CA, USA) containing sterile beads and glycerol.
The vials were stored in a deep freezer (NuAire Ultralow freezer, NuAire Inc. MN, USA)
at -80o C for future use (Khanal et al., 2014).
Stainless Steel coupons
Stainless steel grades 304 and 316 coupons (2.54 cm x 2.54 cm x 0.2 cm), with both
polished and unpolished surfaces that were made by welding two pieces of stainless steel
followed by polishing the surface to smoothen it to reduce surface roughness, were
sourced from Tetrapak (IL, USA). Coupons were washed with 70% ethanol, followed by
de-ionized water. They were handled carefully, avoiding any scratching of the surface,
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which would have roughened the surface and aided the bacterial attachment. Coupons
were autoclaved at 121°C for 15 minutes to sterilize them prior to the experimentation.
Preparation of 11% Total Solids (T.S) sterile NFDM
Non Fat Dry Milk was chosen for this study because of the fact that fat components may
interact with the hydrophobic surface of stainless steel (Barnes et al., 1999). 115 gram
NFDM was weighed and was mixed with 885 ml deionized water taken in an Erlenmeyer
flask and heated over a hot plate (Corning PC- 620 D) till 45°C. Heating was done to
readily solubilize NFDM in water. After all the powder was dissolved, it was transferred
to a clean glass bottle and was sterilized at 121°C for 15 minutes, and was stored in
refrigerator till further use.
Development of biofilms on coupons
Two separate trials were performed and all the plating was performed in duplicates to
reduce the effect of variances. In each set of experiment, three coupons of same grade
and type were immersed in a petri dish containing 20 mL of 11% sterile reconstituted
Non Fat Dried Milk (NFDM). One bead of B. sporothermodurans was transferred to 9 ml
sterilized BHI broth tube, and was incubated for 18 hours in an incubator set at 30oC (G17 Shel Lab General purpose incubator, Sheldon Manufacturing Inc.). After 18 hours, 1
ml from this broth tube was transferred to 9 ml sterilized BHI broth tube and re-incubated
for 18 hours in the incubator set at 30oC. Overnight grown cultures of B.
sporothermodurans was then inoculated into petri dishes at the rate of 1% and incubation
was carried out at 30oC, being the optimum growth temperature of the culture. Similar
procedure was followed for G. stearothermophilus and it was also inoculated into petri
dishes at the rate of 1% and incubation was carried out at 55oC (Imperial II incubator,
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LAB-LINE Instruments Inc.), being the optimum growth temperature of the culture.
Total counts in milk samples were taken immediately after inoculation of the culture to
know the initial counts (approx. 8.0 log10 cell/mL). Cell counts as high as 106 cfu/cm2
(Bouman et al., 1982), 107 and 108 cfu/cm2 have previously been reported in the dairy
biofilms (Marques et al., 2007). Keeping this in mind, and to speed up the process of
biofilm development under the static conditions in this lab experiment, NFDM was
inoculated with both cultures at the rate of 1% of the quantity of milk in petri dish.
Inoculated milk samples were monitored for any drop in pH, with a cut off value of 5.0.
At this pH, the used up milk was replaced with fresh 11% T.S NFDM with minimum
disturbance to the biofilms formed on the coupons, using sterile 25 ml serological glass
pipette. Viable counts from the used up milk suspension were monitored to keep a track
of the culture viability. This was done by plating used up milk sample at the end of every
alternate week. At the same time, 2 coupons of each type were taken out of the used up
media and rinsed with phosphate buffer followed by swabbing and plating. Swabbing
was done in a similar manner as explained by Marques (2007) with a slight modification
that plating was done on BHI agar plates. Swabbed coupons were cleaned with phosphate
buffer, and wiped with soft tissue paper to remove any leftover organic matter. This was
followed by Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS) analysis. Each experimental trial continued for 8 weeks.
Control coupons
Two sets of Four coupons, each of same grade and type, were immersed in petri dishes
having 20 mL of 11% sterile reconstituted NFDM that was kept uninoculated. These
coupons were also held at 30oC, and 55oC to make comparisons with the inoculated
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coupons, and were termed control coupons. One coupon was taken out of the suspension
medium at every 2-weeks interval, was rinsed with phosphate buffer, and was observed
under the SEM.
Culturing biofilm embedded bacteria by swabbing
Aerobic plate count were performed on the Brain Heart Infusion (BHI) agar plates
(Pettersson et al., 1996, Scheldeman et al., 2006) to enumerate viable cells in biofilms,
and spent media using spread plating technique (Downes and Ito, 2001). For swabbing,
the coupons were removed from petri dish using sterile tweezers and washed with PBS.
For removing the biofilm, sterile 3M Quick swabs (3M, MN, USA) were used. The swab
was typically held at about a 30 degrees angle to the coupon surface, and was rubbed
slowly and thoroughly over the entire coupon surface area, three times. Swab was
secured back tightly into the swab tube, which contained 1 mL Letheen neutralizing broth
(3M, MN, USA) to facilitate recovery of bacterial cells. The swab tube was vortexed
(Maxi Mix- II, Thermo scientific) for 2 minutes to release all cells from the swab tip.
Swab tip was pressed and twisted against the wall of swab tube to wring out all cells.
Both Letheen broth samples and used up media samples were serially diluted in sterile
phosphate buffer saline (PBS) solution at pH 7.4 and spread plated on pre-poured BHI
agar (Remel, U.S.A) plates. The plates were incubated for 24 to 48 h at 30oC, and those
with 25 to 250 colonies were counted. The colony forming units (cfu) were calculated
and the counts were reported as log cfu/ cm2 (Wehr and Frank, 2004, Khanal et al.,
2014).
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Imaging studies, and metallic composition analysis of SS coupons
Scanning Electron Microscopy was used to generate surface morphology micrographs of
control and biofilm treated coupons using Hitachi S-3400N (SEM), at aperture setting of
80 µm (Poudel et al., 2012). The coupons were scanned at a lower magnification of 1.0 K
and a higher magnification of 3.5 K was used. The areas of the coupon scanned at 1.0 K
and 3.5 K were 50 µm and 10 µm, respectively, at the above settings with a zero degree
tilt. Imaging was done at 20 KV accelerating voltage by maintaining a distance of 10 mm
from the sample coupon. Emission current was maintained close to 88 µAmps, Filament
current was kept at 34 µAmps and Probe current was 82 µAmps. Gun bias was kept zero.
Energy Dispersive Spectroscopy (EDS) micrographs involved the generation of an X-ray
spectrum from the entire scan area of the SEM image to know the elemental composition
and distribution over the scanned surface area for the coupons. The EDS of the biofilm
treated coupons showed any surface elemental composition change and indicated any
possible elemental composition and distribution changes within pits.
Statistical Analysis
The viable bacterial counts in biofilms were analyzed for standard error and means, and
were compared using Tukey multiple comparison procedure using SAS 9.3 software
(SAS Institute Inc. Cary, NC). One-way ANOVA was performed to examine the
statistical difference between the mean counts of biofilms and used up media taken after
every two-week interval, and the differences were considered significant when p values
were less than 0.05.
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RESULTS AND DISCUSSION
Development of biofilms on SS coupons
Results obtained for viable cell counts in biofilm suggest that both grades of SS support
biofilm attachment equally. Even the polished surfaces equally support the attachment of
biofilms as compared to unpolished surfaces (Table 1,3). The initial counts of B.
sporothermodurans and G. stearothermophilus at the time of inoculation were about 8.0
log cfu/mL, and 8.2 log cfu/mL. The biofilm counts for both bacterial cultures were
carried out at every two week`s intervals, for both grades of SS used in the experiment,
by swabbing an area of 6.45 cm2. B. sporothermodurans counts in biofilm over a period
of 8 weeks ranged from 6.4 to 7.6 -log cfu/cm2 (Table1), and were comparable to some of
the previous studies related to biofilm development on SS coupons (Flint et al., 2001;
Marques et al., 2007). There were significant differences in the mean bacterial counts of
biofilms formed on both polished and unpolished surfaces of SS 304 coupons during six
weeks. This could possibly be due to constant release of cells in the environment from a
biofilm (Moons et al., 2009). The rate of cell erosion is likely to be different on each
coupon as the coupons were placed in individual petri dishes, and were individually
exposed to the fluctuations in the environment occurring in each petri dish. Wimpenny et
al., (2000) explained that biofilms do not attach uniformly to a surface, which also
suggest the reason for variability in biofilm counts over different periods of time. Our
results on the other hand show viable cell counts in biofilm of B. sporothermodurans
formed on both surface finishes of SS 316 were similar during the early incubation
period. These results could not be explained at this point of time. Barnes et al., (1999)
also found that under a milk environment, there was no significant difference in
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attachment of biofilm to a rough surface over a smooth surface. By the end of eighth
week, biofilm counts on both polished and unpolished surfaces of both SS 304 and SS
316 grades increased above 7.0 logs.
G. stearothermophilus exhibited viable cell counts in biofilm ranging from 2.7 to
4.6 -log cfu/cm2, during eight weeks of experimental period (Table 3). A study by Flint et
al., (2001) also showed similar results of attachment of G. stearothermophilus on SS 316
coupons (referred to as Bacillus. stearothermophilus in the study; old nomenclature).
Work by Kaur (2014), showed similar counts for G. stearothermophilus in a lab scale
experiments. By the end of eighth week, the biofilm counts on both grades of coupons
increased above 4.5 logs. The lower attachment of G. stearothermophilus in the biofilm
on both grades of coupons during entire experimental period could be explained by a
combination of several factors such as the ability of the strain to produce EPS or not, any
denatured protein residues on the contact surface etc. Allison, (2003) and Sutherland,
(2001) suggested the importance of EPS in binding cells of a biofilm to a surface.
Moreover, the temperature of 55oC was not denaturing any of the milk protein
components. Denaturation of milk proteins generally causes higher sticking of cells to a
surface (Flint et al., 2001, Marchand et al., 2012). This also suggests that fouling of SS
may also increase the problem of biofilm formation on SS (Hill and Smythe, 2012).
Therefore, a very minimal fouling on the coupons in our experimental set up explains the
lower attachment of cells to biofilm matrix. Results by Flint et al. (2001) also showed the
attachment of G. stearothermophilus cells to SS coupons in the order of 2.4 logs to 5.3
logs. The maximum growth of biofilms achieved in biofilm reactor in their study was 6.7
logs. A lesser extent of biofilm maturation, indicated by cell counts in biofilms on smooth
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surface as compared to rough surface, is reported to be due to lower friction on surfaces,
which leads to cell sloughing from biofilm when exposed to any force (Medilanski et al.,
2002). Comparing data trends in Table 1 and 3 show that G. stearothermophilus has a
lower biofilm formation potential as compared to B. sporothermodurans under lab scale
setup. This leads to a novel observation, which has previously not been documented.
Comparison of the data obtained in Tables 1 and 2 for B. sporothermodurans, and Tables
3 and 4 for G. stearothermophilus, show higher bacterial counts in the used up media as
compared to bacterial counts in biofilm. Higher number of cells in the used media also
suggests that because of the higher biotransfer potential of biofilms formed on the
coupons, cells were being released in more numbers in to milk (Flint et al., 2001).
Biofilm counts for G. stearothermophilus showed higher attachment of bacterial cells on
SS 316 unpolished and polished surfaces as compared to their attachment on SS 304
unpolished and polished surfaces during the 4th weeks of experiment only. For the rest of
the experimental period, the cell counts were pretty much similar on both SS grades
tested. Later during the experimental period, the biofilm counts on both grades of
coupons had gone above 4.0 logs for G. stearothermophilus. This could possibly be due
to higher proteolytic activity of G. stearothermophilus, which could have changed the
surface adhering properties of SS (De Jong, 1997), and encouraged bacterial attachment
to the surface (Marchand et al., 2012). Over a period of time, accumulation of nutrients at
the conditioning film leads to higher nutrient concentration compared to the fluid phase,
and nutrient transfer in a biofilm is more rapid than bacterial cells in aqueous phase
(Kumar and Anand, 1998). Thus it can be inferred that the overall increase of bacterial
counts in biofilms of both organisms formed on both grades and surface finishes, by the
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end of eighth week was probably due to the maturation of biofilms, which allowed better
attachment and proliferation of cells within the biofilm matrix. Such an attachment of
bacteria to SS in the form of biofilms could also be favored by milk protein casein as
previously reported by some researchers (Meadows, 1971, Speers and Gilmour, 1985) By
the end of 8th week, the higher cell counts obtained in the biofilms of both the organism
tested on all SS coupons confirmed the fact that the attachment of these bacteria to a
surface is a multi-factorial process, which involves physical factors such as surface
roughness, chemical composition, crevices and temperature (Stickler, 1999, Flint et al.,
2000), and duration of biofilm development. Percival, (1999) and Jullien et al., (2003)
reported higher biofilm attachment on SS 304 as compared to SS 316, showing that SS
304 is more prone to bacterial attachment. However, Flint et al. (2000) reported higher
attachment on SS 316 as compared to SS 304. Such inconsistency in results has often
been reported (Jullien et al., 2003). In contrast to the above, our results showed that both
grades of SS supported very similar attachment patterns with the organism tested under
lab conditions.
Absence of Molybdenum in SS 304 is proposed to be a possible reason for the formation
of a more mature biofilm on SS 304, leading to its lower pitting corrosion resistance as
compared to SS 316. Some of the previous reports also indicated that Molybdenum is
known to have some inhibitory effect on some sulfate reducers, hence a retarded biofilm
growth on SS 316 as compared to SS 304 (Percival, 1999a).
Imaging of control coupon surfaces using SEM
Control coupons of each grade were imaged each time after every two weeks along with
imaging of coupons having biofilms. It was observed during SEM that control unpolished
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“2B” surface has cracks it, which probably is the innate property of this finish
(Figure1A, 2A). Number 4 polished surfaces, often called mirror finish, very commonly
used in food processing environments, were smooth with long threads of polish on it
(Fig3A, 4A).
Pitting on SS 304 and SS 316 unpolished surfaces
During studies with unpolished SS 304 and SS 316 surfaces that were exposed to
biofilms of B.sporothermodurans, no pit formation was observed at the end of fourth
week. This shows that metabolites from bacterial growth activities were not potent
enough to induce pitting effect early on during the incubation. However, from sixth week
onwards, pits started developiong even on the unpolished surfaces of both the grades of
SS. Unpolished surfaces of both grades of SS showed similar pit morphology, and higher
numbers of pits, as compared to polished surfaces. It was not experimentally possible to
quantify the number of pits per coupon based on SEM imaging. The pits on unpolished
surface were in the form of a large craters with small holes inside it (Figure 1B, 1C, 2B,
2C). The size of large craters in unpolished surface ranged from 10- 30 µm. Similar type
of pitting was observed on SS 304 and SS 316 unpolished coupons just after 2 weeks of
exposure to G. stearothermophilus biofilms (Figure 1D, 1E, 2D, 2E). This report
provides a unique observation related to pitting corrosion of even unpolished surfaces of
SS, though after prolonged excposure to thermoduric biofilms. We are conducting further
studies to establish if cleaning and sanitation would further enhance the pitting corrosion
develpoed on SS of both gtrades due to bacterial biofilms. Image analysis by SEM
showed that biofilms of G. stearothermophilus are much more potent in terms of
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induction of pitting on SS surfaces as compared to B. sporothermodurans, and caused
very early onset of pitting on SS 2 weeks only.
Pitting on SS 304 and SS 316 polished surfaces
In our study, by the end of fourth week, SS 304 and SS 316 polished coupons, exposed to
biofilm of B. sporothermodurans devloped small pits. Pits on both grades of steel were
observed to be almost alike. They were deep and scattered (Figure 3B, 3C, 4B, 4C). The
size of the pits ranged from 10-20 µm, with average size being around 10 µm. The
corrosion products were dense, brittle and lumpy (Figure 3B, 3C, 4B, 4C). Using Raman
Spectroscopy, it was confirmed that the corrosion products were of FeO, Fe2O3 and NiO.
In the case of control coupons, which were immersed in sterile medium, there was no
localized corrosion observed on the metal surfaces during the whole experimentation
period. There is no previous reports to compare these findings with, under similar
conditions of experimentation. Although a lower biofilm cell density was observed on
coupons exposed to G. stearothermophilus, the pitting initiation was observed to be much
faster. The pitting in this case was observed on both SS 304 and SS 316 unpolished
surfaces after two weeks itself. This could have been due to the production of higher
amounts of organic acids or other metabolites with higher corrosion potentional as
compared to those produced by B. sprothermodurans. This might have occurred due to
the elevated temperatures also as compared to 30oC used for biofilm of B.
sprothermodurans. These results in terms of pitting initiation suggest that SS surfaces
exposed to a thermophilic biofilm are more prone to induction of pitting as compared to
surfaces exposed to biofilms of mesophiles. It is suggested to conduct more studies in this
area to understand this phenomenon completely. Although, there was no observable
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difference in the morphology of pits developed by the two bacteria, early onset of pitting
in case of G. stearothermophilus indicates it to be more detrimental to SS as compared to
B. sporothermodurans biofilm. The shape, size, and distribution of pits were similar on
polished surfaces of both grades of SS coupons exposed to two different bacterial species
(Figure. 3D, 3E, 4D, 4E). Contrary to our results which suggest that B.
sporothermodurans induced pitting on polished surfaces of both SS 304 and SS 316
faster (in 4 weeks) as compared to unpolished surfaces of both SS 304 and SS 316
(in 6 weeks), Hillbert et al., (2003) suggested that rougher surfaces i.e. the
unpolished surfaces are more prone to pitting attack. Burstein and Vines, (2001)
stated that eventhough higher number of nucleation events related to pitting occur
on smoother surfaces, but formation of micropits doesnot occur as readily.
Observations related to the Elemental analysis of SS 304 and SS 316 coupons
The EDS of pitted areas on both grades and finishes of coupons revealed an increase in
Sulfur, Oxygen, and a decrease in Iron (Table 6, 7), as compared to control coupons
(Table 5). Initial EDS analysis involved the generation of an X-ray spectrum from the
entire scan area of the SEM. The results obtained thus provided a direct indication of the
presence of corrosion products, which were compounds of FeS or FeO. In a previous
study conducted by Zhang et al., (2007), Sulfate Reducing Bacteria (SRB) and Iron
Oxidizing Bacteria (IOB) corroded SS, and produced similar products. A difference was
observed in the amount of Oxygen and Sulfur present, and in the reduction of Iron in all
grades of SS. Results of our study suggest that irrespective of the surface finish and
grade, previously mentioned elements showed either an increase or depletion. The EDS
micrographs of pitted surfaces (due to biofilm of B. sporothermodurans) on a polished SS
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316 coupon, and the corresponding X-ray spectra that generated from the entire scan area
is shown in Figure 5A-5K. Similar micrograph showing the pitting on an unpolished SS
316 coupon, and corresponding metal arrangement inside pit and image of corrosion
product, present inside the pit are shown in Figure 6A- 6k. Further mapping of elements
of SS showed the presence of Oxygen inside the pits, which probably was a corrosion
product (Figure 7B, 7D). Large amounts of oxygen and comparitively less amount of Iron
and Sulfur were observed inside the pits, suggesting that most of the corrosion products
be of the nature FexOy. A complete absence of Chromium and Nickel was noticed, which
are the major alloying elements in austintic steel. Such a corrosion could have been
caused by any one or combination of the cathodic or anodic activity, leading to changes
in metal surface electrochemistry, changed surface film resistivity, or by creating
localized acidic conditions (Dickinson et al., 1997). Other modes of action could have
been the formation of a live galvanic cell that had redox reactions occurring on the
surface of the SS coupon or due to the production of metabolic products such as enzymes,
organic acids, and hydrogen sulfide on the surface. Hydrogen sulfide, and other organic
acids, which are the metabolic end products of bacterial growth mechanism have earlier
been proved to induce corrosion on SS surfaces. Some studies have also suggested the
presence of Exopolysaccharides (EPS) enhances the bacterial attachment to the surface,
and mediates bio corrosion. One of the probable reasons is that EPS forms a layer on the
surface, which cuts off the oxygen supply to the cells that are directly in contact with the
metal surface, hence producing anaerobic conditions, which could induce corrosion on
metal surfaces having biofilms. Romero et al., (2004) suggested that formation of biofilm
on a metal surface changed local conditions and associated changes in gradients of pH,
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dissolved Oxygen, Chloride and Sulfate, which then created conditions associated with
localized corrosion. Xu et al., (1999) suggested that biofilms result in pitting, crevice
corrosion, and stress corrosion cracking due to the metabolic processes of the living
organism. Our intitial studies in to microbially induced corrosion of SS help us elucidate
the possible role of a thermoduric sporeformer B. sporothermodurans and G.
stearothermophilus in inducing pitting corrosion on dairy processing equipment. Further
studies in this direction can lead to a greater understanding of the contribution of bacterial
biofilms in SS corrosion and help design ways to prevent it.
CONCLUSIONS
This study establishes the role of a thermoduric bacterial biofilm in inducing pitting
corrosion on the surface of both 304 and 316 grades of SS coupons under lab conditions.
For coupons exposed to biofilm of Bacillus sporothermodurans, although, the differences
in the surface finish or SS grade did slowdown or resist pitting initially, after a prolonged
exposure the pitting corrosion was observed to be unpreventable. Geobacillus
stearothermophilus, on the other hand, was more active in the production of certain
metabolites that expedited the process of corrosion initiation just within two weeks even
over unpolished surfaces, which under B. sporothermodurans biofilms proved a little
more pitting corrosion resistant. Similar pit morphology, including widely distributed
large craters, were observed on unpolished surfaces of both grades of SS exposed to
either of the cultures used. Similarly, the pits observed on polished surfaces of both
grades were also alike; deep and scattered, irrespective of the culture to which coupons
were exposed to. The EDS data showed an increase in Oxygen and Sulfur, and a decrease
in Iron in the pit, confirming pitting corrosion. It is thus concluded that pitting corrosion
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on the SS 304 and 316 coupons could be induced by biofilms of thermoduric
sporeformers such as B. sporothermodurans and G. stearothermophilus.
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Table 1. Viable counts in biofilms of B. sporothermodurans formed on Stainless Steel
coupons
Average counts (log cfu/cm2)*
Coupons

2 Weeks

4 Weeks

6 Weeks

8 Weeks

304 Unpolished

6.5 ± 0.02 a

6.4 ± 0.02 b

6.5 ± 0.02 a

7.6 ± 0.01 c

304 Polished

6.5 ± 0.02 a

6.6 ± 0.02 a,d

6.6 ± 0.01 c,d

7.5 ± 0.02 b

316 Unpolished

6.4 ± 0.04 a

6.5 ± 0.09 a

6.4 ± 0.15 a

7.4 ± 0.03 b

316 Polished

6.6 ± 0.01 a

6.4 ± 0.09 a

6.5 ± 0.24 a

7.5 ± 0.02 b



*Mean  SE



Values sharing the same superscript in a row are statistically similar and different
superscripts show that the counts are significantly different and the differences are
considered significant at p value <0.05
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Table 2. Viable counts of B. sporothermodurans in used suspension media
Average counts (cfu/ml)*
Coupons

2 Weeks

4 Weeks

6 Weeks

8 Weeks

304 Unpolished

9.3 ± 0.04 a

7.5 ± 0.09 b

8.4 ± 0.02 c

8.2 ± 0.05 c

304 Polished

9.4 ± 0.01 a

8.1 ± 0.30 b

8.1 ± 0.29 b

8.1 ± 0.32 b

316 Unpolished

9.4 ± 0.01 a

7.4 ± 0.01 b

8.4 ± 0.01 c

8.4 ± 0.01 c

316 Polished

9.4 ± 0.02 a

7.4 ± 0.03 b

8.4 ± 0.01 c

8.3 ± 0.02 c



*Mean  SE



Values sharing the same superscript in a row are statistically similar and different
superscripts show that the counts are significantly different and the differences are
considered significant at p value <0.05
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Table 3. Viable counts in biofilms of G. stearothermophilus formed on Stainless Steel
coupons
Average counts (log cfu/cm2)*
Coupons

2 Weeks

4 Weeks

6 Weeks

8 Weeks

304 Unpolished

2.7 ± 0.02 a

2.8 ± 0.03 b

4.3 ± 0.01 c

4.4 ± 0.02 d

304 Polished

2.9 ± 0.02 a

2.7 ± 0.02 b

4.6 ± 0.02 c

4.5 ± 0.00 d

316 Unpolished

2.7 ± 0.02 a

3.5 ± 0.02 b

4.6 ± 0.01 c

4.5 ± 0.03 d

316 Polished

2.7 ± 0.01 a

3.6 ± 0.02 b

4.5 ± 0.01 c

4.4 ± 0.03 d



*Mean  SE



Values sharing the same superscript in a row are statistically similar and different
superscripts show that the counts are significantly different and the differences are
considered significant at p value <0.05
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Table 4. Viable counts of G. stearothermophilus in used suspension media
Average counts (cfu/ml)*
Coupons

2 Weeks

4 Weeks

6 Weeks

8 Weeks

304 Unpolished

8.4 ± 0.07 a

8.1 ± 0.02 b

8.7 ± 0.07 c

8.4 ± 0.04 a

304 Polished

8.7 ± 0.02 a

8.4 ± 0.02 b

8.9 ± 0.04 c

8.3 ± 0.01 d

316 Unpolished

8.7 ± 0.03 a

8.3 ± 0.01 c

8.8 ± 0.05 a

8.4 ± 0.01 c

316 Polished

8.6 ± 0.02 a

8.4 ± 0.03 b

8.8 ± 0.05 c

8.3 ± 0.02 b



*Mean  SE



Values sharing the same superscript in a row are statistically similar and different
superscripts show that the counts are significantly different and the differences are
considered significant at p value <0.05
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Table 5. Elemental composition of Control Stainless Steel Coupons
Element

316 P

316 UP

304 P

304 UP

Units

C

0.02

0.03

0.01

0.01

Wt%

Si

0.45

0.45

0.93

0.75

Wt%

P

0.00

0.00

0.22

0.43

Wt%

S

0.00

0.00

0.00

0.00

Wt%

Cr

17.70

17.74

22.27

23.00

Wt%

Mn

2.06

2.09

2.07

2.10

Wt%

Fe

65.30

65.27

64.52

64.48

Wt%

Ni

10.10

10.03

9.98

9.23

Wt%

Mo

4.37

4.39

0.00

0.00

Wt%

O

0.00

0.00

0.00

0.00

Wt%
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Table 6. Elemental composition of pits produced by B. sporothermodurans on Stainless
Steel Coupons
Element

316 P

316 UP

304 P

304 UP

Units

C

14.63

0.00

2.24

2.29

Wt %

Si

0.98

0.50

1.20

0.92

Wt %

P

0.25

0.31

0.37

0.00

Wt %

S

1.00

0.26

1.18

0.48

Wt %

Cr

19.55

17.74

22.41

18.04

Wt %

Mn

2.02

2.03

4.97

3.97

Wt %

Fe

43.78

56.09

53.87

63.98

Wt %

Ni

9.42

9.92

9.08

7.88

Wt %

Mo

4.26

7.09

0.00

0.00

Wt %

O

4.10

6.06

4.23

2.49

Wt %
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Table 7. Elemental composition of pits produced by G. stearothermophilus on Stainless
Steel Coupons
Element

316 P

316 UP

304 P

304 UP

Units

C

6.95

0.92

0.00

0.00

Wt %

Si

1.28

1.34

0.47

0.50

Wt %

P

0.45

0.68

0.37

0.31

Wt %

S

0.00

0.43

0.28

0.30

Wt %

Cr

17.57

20.70

19.85

17.74

Wt %

Mn

3.32

2.03

3.12

2.03

Wt %

Fe

53.71

58.29

61.96

63.17

Wt %

Ni

8.53

7.95

7.46

9.92

Wt %

Mo

5.35

5.07

0.00

0.00

Wt %

O

2.84

2.59

6.49

6.06

Wt %
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Figure 1A. Unpolished SS 304 control coupon surface area SEM morphology viewed at
1000 X magnification. Area under scan ≈ 1200 μm2. The crevices on the surface are the
grains of alloying elements

Figure 1B. Unpolished SS 304 coupon surface (SEM 1000 X magnification) with two
large pits on it, after the coupon was exposed to biofilm of B. sporothermodurans for a
period of 6 weeks. Black arrows show the location of pits on a scanned area of around
1200 μm2
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Figure 1C. 3500 X magnified SEM image of pits induced by biofilm of B.
sporothermodurans on unpolished SS 304 coupon surface. Area under scan ≈ 500 μm2.
Small pits inside the big crater can be seen which increase the surface area of the pit and
also deepens it

Figure 1D. Unpolished SS 304 coupon surface (SEM 1000 X magnification) with a large
valley having pits in it, after the coupon was exposed to biofilm of G. stearothermophilus
for a period of 2 weeks. Black arrows show the location of pits on a scanned area of
around 1200 μm2
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Figure 1E. 3500 X magnified SEM image of pits induced by biofilm of G.
stearothermophilus on unpolished SS 304 coupon surface. Area under scan ≈ 500 μm2.
Small pits inside the big crater can be seen which increase the surface area of the pit and
also deepens it

Figure 2A. Unpolished SS 316 control coupon surface area SEM morphology viewed at
1000 X magnification. Area under scan ≈ 1200 μm2. The crevices on the surface are the
grains of alloying elements

85
Figure 2B. Unpolished SS 316 coupon surface with scattered large pits, after the coupon
was exposed to biofilm of B. sporothermodurans for a period of 6 weeks. Black arrows
show the location of pits on a scanned area of around 1200 μm2 at SEM 1000 X
magnification

Figure 2C. 3500 X magnified SEM image of pit induced by biofilm of B.
sporothermodurans on unpolished SS 316 coupon surface and area under scan ≈ 500
μm2. Small pits inside the big crater can be seen which increase the surface area of the pit
and also deepens it
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Figure 2D. Unpolished SS 316 coupon surface with a large pit, after the coupon was
exposed to biofilm of G. stearothermophilus for a period of 2 weeks. Black arrows show
the location of pits on a scanned area of around 1200 μm2 at SEM 1000 X magnification

Figure 2E. 3500 X magnified SEM image of pit induced by biofilm of G.
stearothermophilus on unpolished SS 316 coupon surface and area under scan ≈ 500 μm2.
Small pits inside the big crater can be seen which increase the surface area of the pit and
also deepens it
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Figure 3A. Polished SS 304 control coupon surface area SEM morphology viewed at
1000 X magnification. Area under scan ≈ 1200 μm2. The threads are due to polishing of
the surface

Figure 3B. Polished SS 304 coupon surface with a pit, after the coupon was exposed to
biofilm of B. sporothermodurans for a period of 4 weeks. Black arrows show the location
of pits on a scanned area of around 1200 μm2 at SEM 1000 X magnification
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Figure 3C. 3500 X magnified SEM image of pit induced by biofilm of B.
sporothermodurans on Polished SS 304 coupon surface and area of scan ≈ 500 μm2.
Corrosion products can be seen deposited inside the pit in the form of small chunks

Figure 3D. Polished SS 304 coupon surface with a pit, after the coupon was exposed to
biofilm of G. stearothermophilus for a period of 2 weeks. Black arrows show the location
of pits on a scanned area of around 1200 μm2 at SEM 1000 X magnification
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Figure 3E. 3500 X magnified SEM image of pit induced by biofilm of G.
stearothermophilus on Polished SS 304 coupon surface and area of scan ≈ 500 μm2.
Corrosion products can be seen deposited inside the pit in the form of small chunks

Figure 4A. Polished SS 316 control coupon surface area morphology viewed at SEM
1000 X magnification. Area under scan ≈ 1200 μm2. The threads are due to polishing of
the surface

90
Figure 4B. Polished SS 316 coupon surface with a pit, after the coupon was exposed to
biofilm of B. sporothermodurans for a period of 4 weeks. Black arrows show the location
of pits on a scanned area of around 1200 μm2 at SEM 1000 X magnification

Figure 4C. 3500 X Magnified SEM image of pit induced by biofilm of B.
sporothermodurans on Polished SS 316 coupon surface and area of scan ≈ 500 μm2.
Corrosion products can be seen deposited inside the pit in the form of small chunks
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Figure 4D. Polished SS 316 coupon surface with a pit, after the coupon was exposed to
biofilm of G. stearothermophilus for a period of 2 weeks. Black arrows show the location
of pits on a scanned area of around 1200 μm2 at SEM 1000 X magnification

Figure 4E. 3500 X Magnified SEM image of pit induced by biofilm of G.
stearothermophilus on Polished SS 316 coupon surface and area of scan ≈ 500 μm2.
Corrosion products can be seen deposited inside the pit in the form of small chunks
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Figure 5A. 3500 X magnified SEM image of pit induced by B. sporothermodurans on a
Polished SS 316 coupon surface

Figure 5B. Distribution of Sulfur (S) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon
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Figure 5C. Distribution of Oxygen (O) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon

Figure 5D. Distribution of Carbon (C) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon
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Figure 5E. Distribution of Phosphorus (P) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon

Figure 5F. Distribution of Silicon (Si) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon
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Figure 5G. Distribution of Iron (Fe) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon

Figure 5H. Distribution of Chromium (Cr) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon
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Figure 5I. Distribution of Nickel (Ni) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon

Figure 5J. Distribution of Manganese (Mn) on and around a pit induced by biofilm of B.
sporothermodurans on polished SS 316 coupon

97
Figure 5K. Distribution of Molybdenum (Mo) on and around a pit induced by biofilm of
B. sporothermodurans on polished SS 316 coupon

Figure 6A. 3500 X magnified SEM image of pit induced by biofilm of G.
stearothermophilus on a Polished SS 304 coupon surface
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Figure 6B. Distribution of Sulfur (S) on and around a pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus

Figure 6C. Distribution of Oxygen (O) on and around a pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus
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Figure 6D. Distribution of Carbon (C) on and around a pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus

Figure 6E. Distribution of Phosphorus (P) on and around a pit induced on polished SS
304 coupon by biofilm of G. stearothermophilus
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Figure 6F. Distribution of Silicon (Si) on and around a pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus

Figure 6G. Distribution of Iron (Fe) on and around a pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus
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Figure 6H. Distribution of Chromium (Cr) on and around a pit induced on polished SS
304 coupon by biofilm of G. stearothermophilus

Figure 6I. Distribution of Nickel (Ni) on and around a pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus
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Figure 6J. Distribution of Manganese (Mn) on and around a pit induced on polished SS
304 coupon by biofilm of G. stearothermophilus

Figure 6K. An overlay image of Oxygen inside the pit induced on polished SS 304
coupon by biofilm of G. stearothermophilus, showing the formation of a oxygen
compound which essentially shows the presence of a corrosion product (FexOy). The red
area shows Iron and the green area shows oxygen
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Figure 7A. EDS of Control SS 316 unpolished surface, B. EDS of pit induced by B.
sporothermodurans on surface of unpolished SS 316 coupon (O presence, increase in S
and reduction in Fe)

O

S
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Figure 7C. EDS of Control SS 304 unpolished surface, D. EDS of pit induced by G.
stearothermophilus on surface of unpolished SS 304 coupon (O presence, increase in S
and reduction in Fe)
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Appendix 1. Flow chart of experimental design
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CHAPTER 3
INDUCTION OF PITTING CORROSION ON STAINLESS STEEL (GRADES 304
AND 316) COUPONS BY A MULTI SPECIES BIOFILM OF Bacillus
sporothermodurans AND Geobacillus stearothermophilus
SOMIL GUPTA
ABSTRACT
Even though the milk is heat treated, studies have shown the presence of sporeformers in
ready to eat pasteurized food products such as milk, cheese and milk powders.
These sporeformers stick to process equipment in the form of biofilms, which are very
hard to clean. Evaporators of milk powder manufacturing plants usually have a
temperature of 70oC in the first stage and around 45oC in the final stage. This provides
already germinated thermophilic spores with sufficient opportunity for growth and
attachment to the surface of the equipment. The detrimental effects of biofilms in systems
in terms of reduced heat transfer efficiency, product contamination, and problems in plant
operations are well known. Food manufacturing industry employing the use of SS and
mild steel has strongly indicated the role of sulfate reducing bacterial Desulfovibrio in the
corrosion of heat exchangers, cooling towers and petroleum pipelines. Corrosion induced
by a microorganism or its metabolites is termed as Microbially Induced Corrosion (MIC).
Some research carried out in past on bacterial biofilms in milk environments has stated
the role of bacterial biofilms in corrosion. Not much work has been conducted either on
understanding the mechanism responsible for oxidative corrosion or MIC or studying the
role of common milk and dairy product contaminating thermoduric biofilms in
potentially causing corrosion problems encountered in dairy industry. The primary
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objective of this study was to investigate the possibility of pitting corrosion on SS grades
304 and 316, by a mixed species biofilm of common milk powder contaminants Bacillus
sporothermodurans and Geobacillus stearothermophilus, which as mono species biofilms
have shown to cause corrosion in our previous study (Chapter 2). In this study, dairy
origin strains DSMZ 10599 of B. sporothermodurans, and ATCC 15952 of G.
stearothermophilus were used to develop a mixed species biofilm on polished and
unpolished SS coupons (2.54 cm x 2.54 cm x 0.2 cm) of grades 304 and 316. The strains
were selected in view of their common presence in UHT milk products and dairy
powders as spoilage organisms, and also show proteolytic activity. About 6.5 log cfu/mL
of overnight grown B. sporothermodurans and 7.4 log cfu/mL of overnight grown G.
stearothermophilus cultures were inoculated in sterile 11% reconstituted Non Fat Dry
Milk (NFDM) in Petri dishes, in which sterile SS coupons were suspended. Incubation
was carried out at 55oC to simulate the average temperature conditions encountered in
commercial milk evaporators and other milk processing equipment. The suspension
medium (NFDM) was replaced at regular intervals. Bacterial counts from the spent media
and biofilms were taken at regular intervals to monitor the culture viability and growth of
biofilms. The total bacterial counts in mixed species biofilms of B. sporothermodurans
and G. stearothermophilus ranged from 3.9 to 5.9 log cfu/cm2 while the counts in the
spent media ranged from 6.3 to 7.3 log cfu/mL, respectively. Scanning Electron
Microscopy (SEM) was used to observe any surface changes indicating pitting corrosion
on the control and test coupons. Micrographs generated from Energy Dispersive
Spectroscopy (EDS) were used to find out the elemental composition and distribution on
the control and pitted surfaces. SEM images and EDS micrographs showed that multi
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species biofilms of B. sporothermodurans and G. stearothermophilus induced pitting on
unpolished SS 304 within one week itself. However, pitting on polished SS 304, and both
polished and unpolished surfaces of SS 316 got induced from week 2 onwards. Elemental
decrease in the Iron content, and increase in Sulfur and Oxygen on the pit surfaces further
confirmed the presence of corrosion products. Pits on unpolished surfaces were larger
and more scattered as compared polished surfaces of both grades. There is not much
available literature indicating problem of microbial or oxidative corrosion in dairy
industry. This study is an initial work performed in this area of concern. The secondary
objective of this study was to find any traces of leached heavy metals from the surface of
microbially induced pits in the used up milk suspension. Studies conducted in past have
primarily talked about the possibility of leaching of heavy metals from SS exposed to
biological fluids, or some food products showing pH extremes. The results of current
study showed the leaching of Iron in quantities that would induce flavor defects in the
final products manufactured from the milk that has been exposed to pitted SS surfaces.
Chromium, which has toxigenic effects in humans if consumed above Recommended
Daily Intake (RDI) was not detected in any of the used up milk suspensions.
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INTRODUCTION
Thermoduric bacteria are the group of bacteria, which irrespective of their optimum
growth temperature, have been seen to survive pasteurization of milk. Milk used to
manufacture variety of dairy or food products undergoes various processing treatments,
and at least one out of those is usually a heat treatment. Even though the milk is heat
treated, studies have shown that sporeformers have been detected in ready to eat
pasteurized food products such as milk (Huck et al., 2007), semi hard cheese (Klijn et al.,
1995) and milk powders (Murphy et al., 1999). These spore-forming bacteria contaminate
the raw milk through both the vegetative form and the heat resistant spore structure (De
Jonghe et al., 2010). These bacteria not only can survive the heat treatment, but also have
an innate ability to resist adverse conditions such as pH extremes, low water activity,
high salt concentrations etc. by entering a resilient, dormant state through the formation
of endospores. These spores can withstand hostile temperatures or pasteurization of milk
(Collins, 1981) and can resist the chemicals used for cleaning the equipment surfaces
(Russell, 1990). Bacteria including sporeformers can survive the adverse conditions also
by forming biofilms. These biofilms provide protection to vegetative cells and their
spores from cleaning and sanitizing agents (Hood and Zottola, 1995). During the
manufacture of milk powders, equipment such as PHEs, cream separators, and
evaporators operate in thermophilic growth temperature range of bacteria. Evaporators of
milk powder manufacturing plants usually have a temperature of 70oC in the first stage
and around 45oC in the final stage. This provides already germinated thermophilic spores
with sufficient opportunity for growth and attachment to the surface of these equipment.
Vegetative cells and spore being hydrophobic, strongly adhere to SS surface and thus
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enhance biofilm development (Zottola and Sasahara, 1994, Anderson, 1995). Biofilms
pose various problems in dairy plants such as: production of toxins (such as heat stable
cereulide and heat labile enterotoxins by B. cereus) production of spoilage enzymes (such
as proteases, lipases and lecithenases) which can cause spoilage of pasteurized milk
(Meer et al., 1991), waste of energy due to blockage of lines, which would require either
higher pumping action or stoppage of plant to remove the biofilm, increased rate of
corrosion, and other physical detoriation of on line sensors etc. (Wirtanen et al., 1996,
Flint et al., 2001), contamination of finished products that may shorten the shelf life or
facilitate transmission of diseases (Hood and Zottola, 1995). Once the biofilms get
established in the system, they accelerate corrosion (Storgards et al., 1999). Corrosion
caused by microorganisms is termed as Microbially induce corrosion (MIC). Costerton et
al. (1995) stated that biofilms developed on SS are known to cause problems such as
MIC. Microbial corrosion can occur due to various probable mechanisms explained in
studies conducted in past. Some of the mechanisms such as the formation of galvanic
cells due to change in surface properties after formation of biofilms, and role of
metabolic metabolites and organic acids have been said to induce or enhance corrosion.
Milk processing requires use of a material that is resistant to corrosion in alkaline
and or acidic conditions (Boulangé‐Petermann et al., 1997). As, SS is regarded to be
corrosion resistant; it becomes a metal of choice for fabrication of dairy process
equipment. Along with being corrosion resistant, SS is neutral with regard to food, easy
to clean, has high mechanical strength, good thermal conductivity and heat transfer
coefficient (Bremer P. J. et al., 2009). In dairy plants, austenitic grade steel SS 304 and
SS 316 are used. Composition of stainless steel varies from 50-80 % Fe, 11- 30 % Cr, 0-
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31% Ni, and various other elements are added in minor quantities (Kuligowski and
Halperin, 1992). Food industry uses SS having 18% Cr and 8% Ni and 70-73% Fe
(Truman, 1976). Sufficient corrosion resistance can be imparted to SS by alloying with
12% Cr and incorporating no Ni. SS 304 and 316 are alloyed with Ni to enhance the
corrosion resistance and retard the metal migration (Herting et al., 2007).SS 316 has a
known higher corrosion resistance as compared to SS 304 due to incorporation of
molybdenum as an alloying element (2-3%). As indicated by previously conducted work,
and some evidence found in literature it was evident that both grades of SS support
biofilm formation, and are not completely corrosion resistant. It might give way to
corrosion under various conditions, which may be related to stress, oxidation or usage of
very harsh chemicals. Galvanized steel, which is used in heat exchangers of industrial
water systems, oil field pipelines, cooling towers, and sewage systems due to its
antifouling and anticorrosive properties, can undergo pitting corrosion and structural
failure under the effect of biofilms of sulfate reducing Desulfovibrio species (IlhanSungur et al., 2007). SS 316 has been seen to undergo corrosion by biofilms of same
sulfate reducer bacterial species (Sheng et al., 2007). The primary problem caused by
corrosion is abnormal operations of plant equipment such as evaporators, where a pinhole
created by a pit can create issues in vacuum generation in system. Pitted surfaces can aid
is further attachment of bacteria due to roughened surface which will then probably
enhance the pit diameter and multiply the problematic effects in operations as well in
product quality. In such a scenario the plant operations have to stop till the repairs can be
performed. This manufacturing time lost in unplanned downtimes and heavy cost of
repairs becomes a matter of concern. Multispecies biofilm of Pseudomonas sp.,
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Streptococcus sp., Micrococcus sp., Bacillus sp., Neisseria sp. and Lactobacillus were
also found to cause corrosion of mild steel used in Dairy effluent plants (Babu et al.,
2006). All these findings served as the basis of conducting this study. In this study it was
hypothesized that a multispecies biofilm of B. sporothermodurans and G.
stearothermophilus commonly found in UHT plants and milk powder plants (Scott, 2007,
Aouadhi et al., 2014, Watterson et al., 2014) growing at thermophilic temperature, could
induce early on pitting corrosion of SS used in dairy manufacturing plants as compared to
pitting induced by mono species biofilms of these microorganisms. Review of literature
has shown that usually both of these bacteria are found together in milk processing
plants. Other important fact is that both of these strains form high heat resistant spores
and as multispecies biofilms are more resistant to disinfectants and sanitizers (Jahid and
Ha, 2014) in comparison to mono species biofilms, this would ensure their greater
survival in a milk processing environment. As these bacterial species can survive the
pasteurization treatment and form biofilms in dairy preheaters and evaporators (Scott,
2007), they are likely to have the ability to persist in the systems for a long time.
Geobacillus sporothermodurans spores have been seen to even survive treatment with
NaOH (Brent Seale et al., 2011), which led to increase of their hydrophobic
characteristics, and thus aided their attachment to SS surfaces. In this study a temperature
of 55oC has been used to simulate the conditions that will exist in various dairymanufacturing processes, primary being milk pasteurization, evaporators, and powder
manufacture. Along with assessment of induction of pitting by the multispecies biofilms,
studies were also conducted to test for leaching of any heavy metals from SS surfaces
into the milk that was exposed to the coupons.
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Leaching of metal from SS may be defined as sloughing of alloying elements
from the base metallic alloy. In present context of MIC, leaching is being defined as
release of alloying metals from the pits induced by a biofilm on the surface of SS into
milk. Little research has been carried out to demonstrate the leaching of heavy metals
from SS (Herting et al., 2005). Principle heavy metals recovered from milk that leached
from SS are Fe, Cr and Ni. There have been some reports regarding leaching of heavy
metals from SS. Most of the leaching studies have been carried out on SS used in making
utensils and cookware, and not much has been done on SS used in Dairy Plants. Works
by Kumar et al., (1994) and Agarwal et al., (1997) stated about the release of metals from
SS. Very limited work has been carried out that talk about the role of MIC in leaching of
metal from SS. Geesey et al., (1996) demonstrated that there was a significant depletion
of Cr and Ni from SS 316 surface which had been exposed to biofilm of SRB. The
control coupons, which were exposed to similar conditions but were placed in uninoculated media, did not show any depletion in allowing elements from the surface.
Work by Herting et al., (2006) strongly demonstrated that when SS 304 coupons with
surface finish 2D, 2B, and BA were exposed to Artificial Lysosomal Fluid (pH 4.5) for a
week, Ni leached at same rate from all surfaces, surface 2D had higher leaching of Fe and
Cr as compared to surfaces 2B and BA. Work by Kumar et al., (1994) proved that there
was no release of Cr and Ni but Fe from SS, exposed to milk. Kuligowski and Halperin,
(1992) stated that Ni was the major corrosion product of SS, while Fe and Cr were
comparitively less. These findings thus confirm the leaching of alloying elements from
both grades of SS, used in food and dairy industry. The presence of leached heavy metal
can impact the product quality. If heavy metals such as Iron are leached from SS to the
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dairy or food product, then the product will have a metallic taste and a very quick
oxidation problem. Leaching of Ni or Cr can lead to toxicological issues as O’Brien et al.,
(2003) suggested that Cr has a potent carcinogenic effect on humans. Ni induces allergic
reactions and contact dermatitis, and embryo toxic effects (Sharma and Agrawal, 2005).
Kasprazak et al., (2003) stated Ni to be a potential carcinogen for lungs, and may cause
skin allergies, lung fibrosis and cancer of respiratory tract. In this study, it was
hypothesized that there may be certain amount of leaching of Iron, Nickel and Chromium
occurring as a result of pitting by the multispecies biofilms.
MATERIALS AND METHODS
Source of cultures
B. sporothermodurans (DSMZ 10599), and G. stearothermophilus (ATCC 15952) were
purchased from American Type Culture Collection and German Collection of
Microorganisms and Cell Cultures-DSMZ (Deutsche Sammlung von Mikroorganisem
und Zellkulturen, Germany), respectively. The bacterial strains of B. sporothermodurans
and G. stearothermophilus were grown in 9 ml Brain Heart Infusion broth by incubating
at 30oC (Khanal et al., 2014)and 55oC (Durand et al., 2015), respectively for their
optimum growth, and were preserved for future experiments as per previously reported
protocols (Stephen, 1995). Although B. sporothermodurans is mesophilic, it is capable of
growing at 50oC (Pettersson et al., 1996, Klijn et al., 1997). Lab experiments conducted
also helped us validate the growth of B. sporothermodurans even at 55oC, even though it
was not the optimum growth temperature of the culture. The vegetative cells of the
actively growing culture were pelleted out at mid exponential phase by spinning at 4500
x g for 30 min. The pellets were suspended in phosphate buffer saline (PBS) at pH 7.4,
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and preserved in 1.8 mL cryogenic vials (CRYOBANK, Copan Diagnostic Inc., CA,
USA) containing sterile beads and glycerol. The vials were stored in a deep freezer
(NuAire Ultralow freezer, NuAire Inc. MN, USA) at -80o C for future use (Khanal et al.,
2014).
Stainless Steel coupons
Stainless steel grades 304 and 316 coupons (2.54 cm x 2.54 cm x 0.2 cm), with both
polished and unpolished surfaces that were made by welding two pieces of stainless steel
followed by polishing the surface to smoothen it to reduce surface roughness, were
sourced from Tetrapak (IL, USA). Coupons were washed with 70% ethanol, followed by
de-ionized water. They were handled carefully, avoiding any scratching of the surface,
which would have roughened the surface and aided the bacterial attachment. Coupons
were autoclaved at 121°C for 20 minutes to sterilize them prior to the experimentation.
Preparation of 11% Total Solids (TS) sterile NFDM
Non Fat Dry Milk was chosen for this study because of the fact that fat components may
interact with the hydrophobic surface of stainless steel (Barnes et al., 1999). 115 gram
NFDM was weighed and was mixed with 885 mL deionized water taken in an
Erlenmeyer flask and heated on a hot plate (Corning PC- 620 D) to 45°C. Heating was
done to readily solubilize NFDM in water. After all the powder was dissolved, it was
transferred to a clean glass bottle and was sterilized at 121°C for 15 minutes, and was
stored in refrigerator till further use.
Development of biofilms on coupons
Two separate trials were performed and all the plating was performed in duplicates to
reduce the effect of variance. In each set of experiment, three coupons of same grade and
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type were immersed in a petri dish containing 20 mL of 11% sterile reconstituted Non Fat
Dried Milk (NFDM). One bead of B. sporothermodurans was transferred to 9 ml
sterilized BHI broth tube, and was incubated for 8 hours at 55oC in a shaking incubator
set at 200 R.P.M. (MaxQ-4450, Thermo scientific). Although 55oC is not the optimum
growth temperature for B. sporothermodurans, yet culture was seen to grow at wide
thermophilic temperatures. After 8 hours, 1 ml from this broth tube was transferred to 9
ml sterilized BHI broth tube and re-incubated for 8 hours in the same shaking incubator
at same conditions. Similar cell revival procedure and parameters were used to culture G.
stearothermophilus cells. After incubation period was over, both the broth tubes of B.
sporothermodurans and G. stearothermophilus cells were centrifuged at 4500 x g for 30
min and obtained pellets were washed thrice with PBS. Each pellet obtained was mixed
with 1 ml PBS in separate tubes. These pellets were broken using the tip of a
micropipette. Using these cell suspensions, reconstituted NFDM taken in petri dishes was
inoculated with each culture at the rate of 1% of volume of NFDM (6.5 log cfu/mL of B.
sporothermodurans and 7.4 log cfu/mL of G. stearothermophilus) in petri dish and
incubation was carried out at 55oC (G-17 Shel Lab General purpose incubator, Sheldon
Manufacturing Inc.). Zero hour counts in milk sample were taken using BHI agar (Remel,
U.S.A) plates to know the initial counts of B. sporothermodurans and G.
stearothermophilus. Inoculated milk samples were monitored for any drop in pH, with a
cut off value of 5.0. At this pH, the used up milk was removed using sterile 25 ml
serological glass pipette ensuring minimum disturbance to the biofilms formed on the
coupons and was replaced with fresh 11% NFDM. The used up media was stored in test
tubes under refrigerated conditions. Viable counts from the used up milk suspension were
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monitored at alternate weeks, to keep a track of the culture viability. At the end of every
week, 2 coupons of each type were taken out of the used up media and rinsed with
phosphate buffer followed by swabbing and plating. Swabbing was done in a similar
manner as explained by Marques (2007) with a slight modification that plating was done
on BHI agar plates. Swabbed coupons were cleaned with phosphate buffer, and wiped
with soft tissue paper to remove any leftover organic matter. This was followed by
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
analysis. Each experimental trial was continued for 8 weeks.
Control coupons
Eight coupons, each of same grade and type, were immersed in a petri dish having 20 mL
of 11% sterile reconstituted NFDM that was kept uninoculated. These coupons were also
held at 55oC to make comparisons with the inoculated coupons, and were termed control
coupons. One coupon was taken out of the suspension medium after every week’s
interval, was rinsed with phosphate buffer, and was observed under the SEM.
Culturing biofilm embedded bacteria by swabbing
Aerobic plate count were performed on the Brain Heart Infusion (BHI) agar plates
(Pettersson et al., 1996, Scheldeman et al., 2006, Luecking et al., 2013) to enumerate
viable cells in biofilms, and spent media using spread plating technique (Downes and Ito,
2001). For swabbing, the coupons were removed from petri dish using sterile tweezers
and washed with PBS. For removing the biofilm, sterile 3M Quick swabs (3M, MN,
USA) were used. The swab was typically held at about a 30 degrees angle to the coupon
surface, and was rubbed slowly and thoroughly over the entire coupon surface area, three
times. Swab was secured back tightly into the swab tube, which contained 1 mL Letheen
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neutralizing broth (3M, MN, USA) to facilitate recovery of bacterial cells. The swab tube
was vortexed (Maxi Mix- II, Thermo scientific) for 2 minutes to release all cells from the
swab tip. Swab tip was pressed and twisted against the wall of swab tube to wring out all
cells. Both Letheen broth samples and used up media samples were serially diluted in
sterile phosphate buffer saline (PBS) solution at pH 7.4 and spread plated on pre-poured
BHI agar plates. The plates were incubated for 24 to 48 h at 30oC, and those with 25 to
250 colonies were counted. The colony forming units (cfu) were calculated and the
counts were reported as log cfu/ cm2 (Wehr and Frank, 2004, Khanal et al., 2014).
Imaging studies, and metallic composition analysis of SS coupons
Scanning Electron Microscopy was used to generate surface morphology micrographs of
control and biofilm treated coupons using Hitachi S-3400N (SEM), at aperture setting of
80 µm (Poudel et al., 2012). The coupons were scanned at a lower magnification of 1.0 K
and a higher magnification of 3.5 K was used. The areas of the coupon scanned at 1.0 K
and 3.5 K were 50 µm and 10 µm, respectively, at the above settings with a zero degree
tilt. Imaging was done at 25 KV accelerating voltage, instead of 20 KV to produce better
image, by maintaining a distance of 10 mm from the sample coupon. Emission current
was maintained close to 88 µAmps, Filament current was kept at 34 µAmps and Probe
current was 82 µAmps. Gun bias was kept zero.
Energy Dispersive Spectroscopy (EDS) micrographs involved the generation of an X-ray
spectrum from the entire scan area of the SEM image to know the elemental composition
and distribution on the scanned surface area for the coupons. The EDS of the biofilm
treated coupons showed any surface elemental composition change and indicated any
possible elemental composition and distribution changes within pits.
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Mineral Analysis of Milk
Mineral analysis of used up NFDM samples for the presence of Iron and Chromium were
outsourced to ANALAB (Chicago, IL) using Vista MPX Axial, employing Inductively
Coupled Plasma Optical Emission Spectroscopy (AOAC 16th Edition 985.01). The
analysis was performed in duplicates.
Statistical Analysis
The viable bacterial counts in biofilms were analyzed for standard error and means, and
were compared using Tukey multiple comparison procedure using SAS 9.3 software
(SAS Institute Inc. Cary, NC). One-way ANOVA was performed to examine the
statistical difference between the mean counts of biofilms and used up media taken after
every two-week interval, and the differences were considered significant when p values
were less than 0.05.
RESULTS AND DISCUSSION
Development of biofilms on SS coupons
Werner et al., (1998) stated that mixed species biofilms are associated with MIC
occurring in real life practical situations. In the current study, the biofilm counts of the
multispecies matrix of B. sporothermodurans and G. stearothermophilus ranged from 3.9
to 5.9 log cfu/cm2 (Table 1). There were no significant differences in the mean log counts
amongst the grades of steel and the type of finish that was tested during the 8-week long
experimental period. The counts in used up media ranged from 6.3 to 7.3 log cfu/mL
(Table2). There was no significant difference in mean log counts in used up media of SS
304 coupons treated with mixed species biofilms over entire experimental period. Week 2
counts from used up media of SS 316 polished and unpolished coupons did not differ
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significantly from week 4 counts of the suspension media for both surface finishes of
grade 316. There were significant differences in suspension medium counts of both SS
316 polished and unpolished surfaces when compared to second week and eighth week.
However, week 8 and week 6 counts were not significantly different for polished and
unpolished surfaces of grade 316. This pattern was observed only in SS 316 and not in SS
304. The counts in the spent media for all steel types increased above 7.0 logs during the
last week of experiment. It was not possible to differentiate the counts of B.
sporothermodurans from G. stearothermophilus merely by looking at the colony
morphology obtained on BHI plates. Hence, the counts were taken as total counts of the
two species to reflect the mixed species growth. No selective media or differentiation is
available as of today to differentiate the two organisms by culturing techniques. The
presence of both the bacteria during the entire experimental period was confirmed by
gram staining of the randomly picked colonies, which were then compared to control cell
structure of individual bacterium. At this point of time it is hard to say whether the two
strains exhibited a competitive relation or a synergistic relation, as no previous work is
available till date to compare the results. The biofilm counts could not be related to the
early onset of pitting on SS 304 unpolished surfaces or delayed onset of pitting on rest
other coupons, as biofilm counts on unpolished coupons after one week of incubation at
55oC were less as compared to counts on other coupons incubated under same conditions.
Currently there is no study done to evaluate the multispecies biofilm formed by these two
test organisms so the counts obtained in the study could not be compared to any previous
studies. The results of this study show a variable pattern of biofilm attachment under
mixed consortium of B. sporothermodurans and G. stearothermophilus at thermophilic
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temperature. Jahid and Ha (2014) also mentioned that the research on mixed species
biofilms is in a very infant stage, hence, it is difficult to predict the reason for such shifts
in behavior of attachment of mixed species. Various metabolites were being produced
from both cultures, which might be acting competitively or synergistically for growth and
attachment of cells on coupons during the experimental period.
Imaging of control coupon surfaces using SEM
Control coupons of each grade were imaged each time every week along with imaging of
coupons having biofilms. It was observed during SEM that control unpolished surface
has cracks on it, which probably is the innate property of this finish (Fig3A, 4A). Number
4 polished surfaces, often called mirror finish, very commonly used in food processing
environments, were smooth with long threads of polish on it (Fig1A, 2A).
Pitting on SS 304 and SS 316 unpolished surfaces
The studies with unpolished SS 304 and SS 316 coupons exposed to mixed species
biofilm of B. sporothermodurans and G. stearothermophilus, generated insteresting
results. Micrometer scale pitting was observed under SEM on SS 304 unpolished
coupons right after incubation for one week at 55oC. This was way faster induction of
pitting on unpolished SS 304 surface as compared to pitting induced by mono species
biofilm of B. sporothermodurans, which induced pitting on unpolished SS 304 and SS
316 after 6 weeks of incubation at 30 oC. This shows that unpolished SS 304 is more
prone to pitting at elevated temperatures and when exposed to mixed consortium of cells.
The pitting on SS 304 unpolished surface was also faster as compared to induction of
pitting on both polished and unpolished coupons of both grades SS 304 and SS 316,
which were exposed single species biofilm of G. stearothermophilus at same
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temperature. This early induction of pitting could possibly be due to some synergistic
effect between both strains on growth and metabolites production. Beech and Sunner
(2004) stated that differences in bacterial species composition of biofilm consortia and
resulting differences in metabolic activities within such biofilms could explain the reason
for significantly different corrosion rates in two identical systems under the same
environmental conditions. Örnek et al. (2001) and Little and Ray (2002) suggested that
microbial activity within biofilms formed on surfaces of metallic materials that can
considerably modify the chemistry of any protective layers, leading to either acceleration
or inhibition of corrosion. It was, however, not under the scope of the present work to
study the synergism of the two bacterial strains used. Even though there was a difference
in the time of induction of pitting on unpolished surfaces of both grades of SS tested,
similar pit morphology and numbers were observed on both grades. It was not
experimentally possible to quantify the number of pits per coupon based on SEM
imaging. The pits were in the form of craters with small holes inside them (Figure 3B,
3C). The presence of small holes inside a pit would deepen the pit and increase its surface
area. The size of large craters ranged from 20- 30 µm. No pits were obtained on control
coupons, which then further strengthened the hypothesis regarding the role of bacterial
metabolites in induction of pitting.
Similar pit morphology was observed on unpolished SS 304 and SS 316 coupons,
which were exposed to mono species biofilm of either B. sporothermodurans or G.
stearothermophilus (Figure 4B, 4C). The size of pits ranged from 10-30 µm. There is no
previous reports to compare these findings with, under similar conditions of
experimentation. This report thus provides a unique observation related to pitting
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corrosion on unpolished surfaces of SS 304 and SS 316, which are mostly used in
fabrication of pipelines and process equipment for dairy manufacturing plants, in a very
short duration of excposure to thermoduric multi species biofilm. This lab study is a
simulated version of commercial dairy plants, where multiple organisms are encountered
in a manufacturing process, which remain present on process equipment even after their
repeated cleaning cycles. This is probably due to higher cell hydrophobicity of
chemically treated spores as compared to spores not treated by CIP chemicals (Brent
Seale et al., 2011). The results of this study indicate that unpolished SS 304 coupons,
which had no molybdenum were readily undergoing corrosion when exposed to a
multispecies biofilm environment. This shows that this grade and surface finished
coupons had the least corrosion resistance. Even though SS 316 unpolished surfaces had
molybdenum in them, they too gave way to onset of corrosion after two weeks of
exposure to a multispecies biofilm under thermophilic growth environment. A similarity
in the morphology and distribution of pits on both grades discussed above show that both
grades of SS react almost similarly after the onset of pitting.
Pitting on SS 304 and SS 316 polished surfaces
In the present study, by the end of second week, SS 304 and SS 316 polished coupons,
exposed to mixed species biofilm of B. sporothermodurans and G. stearothermophilus
devloped small pits. These pits were completely different in appearance to the pits
obtained in the same study on unpolished coupons of both grades. They were not as deep
and scattered as compared to pits obtained on unpolished surfaces. The morphology of
pits induced by mixed species biofilm on both grades were observed to be almost similar.
The size of the pits induced ranged from 10-20 µm, with average size being around 8-10
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µm. The corrosion products appeared to be brittle and lumpy, and strogly adhered to the
pitted surface (Figure 1B, 1C). The pits obtained on polished surfaces of both grades
were entirely comparable to the pit structure obtained on polished SS 304 and 316 grades
exposed to mono species biofilms of either B. sporothermodurans or G.
stearothermophilus as shown in our previous study (Chapter 2). In the case of control
coupons, which were immersed in sterile medium, under SEM, no pitting was observed
on the metal surfaces during the whole experimentation period. The pitted surfaces
obtained in the current work are comparable to the pits obtained by Xu et al., (2007) due
to the effect of sulfate reducing bacteria or iron reducing bacteria on SS 316L. Similar
pitting induction rate was observed on polished coupons of both SS 304 and 316 exposed
to mono species biofilm of G. stearothermophilus cultured at 55oC. This similarity might
have been due to a common factor i.e, temperature of incubation in both cases, which
affects the rate of corrosion. Bacillus sporothermodurans showed pitting induction on
polished surfaces of both grades after 4 weeks of incubation at 30oC. Late onset of pitting
in B. sporothermodurans could have been due to slower meatbolic activity, which
resulted in lower or slower rate of metabolite production, which slowly induced the pits.
These results show that the surfaces exposed to thermophilic biofilms are more prone to
induction of pitting as compared to surfaces exposed to biofilms of mesophiles. Polished
SS 304, in the current study, had a higher resistance towards pitting as compared to
unpolished SS 304 coupon, as pitting was induced on it after two weeks of incubation at
55 oC. Although, there was no observable difference in the morphology of pits developed
either by multispecies biofilm or mono species biofilms of same bacterial strains, early
onset of pitting in mono species biofilm of G. stearothermophilus and multispecies

125
biofilm of G. stearothermophilus and B. sporothermodurans indicates G.
stearothermophilus to be more detrimental to SS as compared to B. sporothermodurans
biofilms alone. The shape, size, and distribution of pits were similar on unpolished
surfaces of both grades of SS coupons exposed multispecies biofilm environment (Figure.
1B, 1C, 2B, 2C)
Observations related to the Elemental analysis of SS 304 and SS 316 coupons
The EDS of pitted areas on both grades and finishes of coupons revealed an increase in
Sulfur, Oxygen, and a decrease in Iron as compared to control coupons (Table 3). These
findings were very similar to findings obtained during EDS analysis of pits obtained due
to single species biofilms of either B. sporothermodurans or G. stearothermophilus.
Initial EDS analysis involved the generation of an X-ray spectrum from the entire scan
area of the SEM. The overlay image obtained showed the presence of Iron and Oxygen in
a pitted area, which can be correlated to the presence of corrosion products (Figure 5K).
Zhang et al., (2007) reported similar findings. Irrespective of the surface finish and grade
of SS, the results obtained in our study showed a decrease in Fe and an increase in
Oxygen, which were not detected in a control coupon surface. Lower amounts of sulfur
were also found in the pits. This also suggest that there exist some different mechanism
of corrosion along with sulfate reduction, which could either be the production of acidic
metabolites or EPS, which would have induced pitting on the SS surfaces. The EDS
micrographs of pitted surfaces on an unpolished SS 304 coupon, and the corresponding
X-ray spectra of elemental distribution that generated from the entire scan area are shown
in Figure 5A-5L. Similar micrographs showing pitting on an unpolished SS 316 coupon,
and corresponding metal arrangements inside pit along with images of corrosion products
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present inside the pit are depicted in Figure 6A- 6M. Overlay images of Oxygen on Iron
in a pit showed the presence of Oxygen inside the pits, which is likley to be due to
corrosion (Figure 6L). Pitting observed in the current study might have been a result of
physiological activities of the bacterial biofilms such as, consumption of oxygen,
production of acids, sulfides, and enzymes that promoted the establishment of localized
chemical gradients at the SS surface. The presence of such chemical gradients can
facilitate the development of electrochemical cells, which influence anodic and/or
cathodic reactions, leading to the corrosion (Beech, 2004). Dickinson et al., (1997)
suggested that cathodic or anodic activity on the metal surface can lead to changes in
metal surface electrochemistry, which could create localized acidic conditions and hence
corrosion. Production of metabolic products such as enzymes, organic acids, and
hydrogen sulfide on the surface can also lead to localized pitting. Xu et al., (1999) also
suggests that biofilms result in pitting, crevice corrosion, and stress corrosion cracking
due to the metabolic processes of the biofilms. Exopolysaccharides (EPS) have also been
shown to cause metal deterioration and bio corrosion of SS (Gaylarde and Johnston,
1982, Angell et al., 1995). On the other hand, some type of EPS has also shown to protect
SS 316 against corrosion (Chongdar et al., 2005). Little and Ray, (2002) suggested that
biofilms could have caused corrosion by altering the surface chemistry around the metal.
The overall outcome of EDS analysis shows, that irrespective of the surface finish or
grade, various mechanism may act together to initiate pitting of SS. The most common
change in the surface chemistry after initiation of pitting on both grades and both surface
finishes of SS was the deposition of oxygen and small amounts of sulfur compounds in
the pitted areas. The amounts of oxygen varied depending on the extent of corrosion that
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might have occurred or the compounds formed as a result of corrosion. The topographical
changes on unpolished surfaces of both grades of SS resulted in the formation of small
holes in the large craters, which further increase the pit depth by increasing the surface
area of abraded surface. The polished surfaces of both grades, SS 304 and SS 316 showed
uneven and scarce distribution of pits. The pits on both grades of SS were also observed
to be very similar in appearance. They appeared to be rough due to the presence of
corrosion product debris inside them, as compared to pits on unpolished surfaces that do
not show presence of such debris of corrosion products.
Metal ion analysis of spent NFDM
Fe, Cr and Ni are all required for normal functioning of human body. These elements also
help in prevention of various diseases in humans (Agarwal et al., 1997). Fe and Cr are
considered as essential trace elements (Anderson, 1992, Kumar et al., 1994). Chromium
plays an important role in glucose and lipid metabolism, and helps to prevent mild
diabetes in humans (Agarwal et al., 1997). US national Council recommends a daily
intake of 50-200 g Cr per day (Aitio, 1996). Ni has also been considered probably
essential for humans, and daily intake through food is approximately 300 g (WHO, 1984,
1987). Irrespective of the fact that Ni is an essential part in diet; there have been
reasonable number of reports that state otherwise. There are two main issues related with
leaching of metals into food; metal toxicity and induced flavor defects. A too high dose
of Cr may cause toxic effects. Krishnamurthi and Vishwanathan, (1991) suggested that
excess exposure to Cr causes dermatitis, bronchial ashthma and ulers. The hexavalent
form of Cr causes harmful effects to human body. Chromium toxicity causes liver
necrosis, nephrites, and gastrointestinal irritation (Athar and Vohora, 1995). O’Brien et
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al., (2003) suggested that Cr has a potent carcinogenic effect on humans. Ni induces
allergic reactions and contact dermatitis, and embryo toxic effects (Sharma and Agrawal,
2005). Kasprazak et al., (2003) stated Ni to be a potential carcinogen for lungs, and may
cause skin allergies, lung fibriosis and cancer of respiratory tract. The results of the
current study are shown in Table 4. As per standards of around 96 % TS Nonfat dry milk
laid down by U. S. Dairy Export council, (Council, 2005) the amount of Fe (mg/100
gram) in NFDM ranges from 0.0031-0.0032. The current results show the presence of Fe
anywhere from 0.0002- 0.0078 mg/100 gram in a 11% TS reconstituted NFDM, average
Fe content being 0.0015 mg/ 100gm. Comparison of these results with standards can be
done by extrapolating the data to achieve 96 % TS powder from this reconstituted
NFDM. Upon performing the calculations, it was found that the Fe content in powder
manufactured from such milk would be anywhere between 0.0019- 0.0684 mg/100 gram
NFDM, with average content being around 0.0133 mg/100 gram NFDM. Results of Fe in
11 % TS milk are comparable to the results obtained by Kumar et al.,(1994) where Fe
content from leached SS to milk ranged from 0.0004 mg/100gram to 0.0105
mg/100gram. They did not find any presence of Cr in the same milk sample. Such high
amounts of Fe obtained from our study are significant enough to have induced oxidized
flavor defects in a powder manufactured from such milk or for instance any dairy
product, as presence of Iron causes metallic off flavor in dairy products. In order for any
metal to affect the dairy product it must be capable of entering into solution. Injury to the
flavor and keeping quality of the dairy product may be caused by the very minute
presence of the metallic salts, which have a metallic, bitter, puckery flavor (Hunziker et
al., 1929). Leaching of Cr (0.038-0.420 ppm) and Ni (0.100-0.164 ppm) was also seen in
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SS, which was exposed to milk curd, which had a TS of around 15-16 % and a pH of 4.30
(Kumar et al., 1994, Agarwal et al., 1997). Cheese whey with a pH of 4.8 and TS of
around 10-12 % showed 0.1 ppm Cr and 0.8 ppm Ni (Stoewsand et al., 1979). Hunziker
et al., (1929) also suggested that salts and oxides of certain metals have distinct toxic
properties rendering the product unsafe for consumption. We did not detect the presence
any salts or oxides of either Cr or Ni in any of the used up milk samples. Similarly, U. S.
Dairy Export council (Council, 2005) also did not report any presence of Cr and Ni in
NFDM. There could have been some limitations in this experimental design, one of
which was the detection limits of the equipment used (in ppm), at which Ni and Cr could
not be found, and the sample preparation. If Ni and Cr were found at ppb level, even on
concentration of milk to as high as 96% TS, they would not have reached at a level which
could have been a potential risk for human consumption. The sample preparation
involved treatment of spent milk sample with tri-chloro acetic acid, which removed
casein portion from the milk. There are chances that if the Ni and Cr were also leached
from pitted surfaces they might have stayed in the casein portion, which was not analyzed
by the described method. It is thus important to further study the role of MIC in leaching
of heavy metals from SS during MIC. Our results showed that a food safety and product
quality risk may arise in case there is MIC on the milk contact surfaces in a dairy process
equipment. However, more research needs to be conducted to standardize the procedure
of analysis, and expand the research on actual samples from commercial plants showing
pitting corrosion.
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CONCLUSIONS
The results of pitting initiation under mixed species mirobial biofilm suggest that
unpolished SS 304 surface is the most prone to early onset of corrosion. In this study, the
induction of pitting on polished surfaces of SS 304 and SS 316 was relatively slow as
compared to unpolished SS 304 i.e. It took two weeks for first signs of corrosion to
appear on SS 304 polished and SS 316 polished and unpolished surfaces, as compared to
one week by unpolished SS 304. These results strongly suggest that the attachment of a
multi species biofilm on an unpolished SS 304 surface at themophilic temperatures can
have more deterimental effect as compared to attachment of a mono species mesophilic
biofilm of B. sporothermodurans or thermophilic G. stearothermophilus. Pit
morphologies over unpolished surfaces of both grades of SS were similar. Similarly, the
morpohlogy of pits formed polished surfaces of both grades were also comparable. The
metabolites produced by either a mono species biofilm of G. stearothermophilus or
mutiscpecies biofilm of B. sporothermodurans and G. stearothermophilus at
thermophilic temperatures were equally potent in the induction of pitting on polished
surfaces of both grades of SS, as well as for unpolished surfaces of SS 316. This shows
that temperature of incubation (processing temperatures) has an important role to play in
the induction of pitting. The presence of large amounts Fe in the spent milk suspension
indirectly showed leaching out of Fe from a pit surface into milk during the course of
pitting or its induction. Milk used for products manufacture, if exposed to such pitting
corrosion can lead to quality and food safety issues. Further research under different set
of conditions can generate more data, which will be of great interest to dairy industry in
particular and food industry at large.
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Table 1. Viable counts in mixed species biofilm

Biofilm counts on coupons (Log cfu/cm2)*
SS
coupons Week1

Week 2

Week 3

Week 4

Week 5

Week 6

Week 7

Week 8

5.3 ±

5.0 ±

4.7 ±

5.4 ±

5.3 ±

5.3 ±

5.4 ±

5.3 ±

0.10 a

0.28 a

0.36 a

0.01 a

0.01 a

0.01 a

0.00 a

0.01 a

4.8 ±

5.3 ±

4.7 ±

4.9 ±

4.9 ±

4.8 ±

4.8 ±

4.9 ±

0.30 a

0.03 a

0.36 a

0.29 a

0.30 a

0.29 a

0.29 a

0.29 a

5.4 ±

5.3 ±

4.8 ±

4.8 ±

5.3 ±

5.9 ±

5.3 ±

5.4 ±

0.01 a

0.02 a

0.32 a

0.31 a

0.01 a

0.67 a

0.01 a

0.01 a

3.9 ±

4.6 ±

4.2 ±

4.0 ±

4.4 ±

4.0 ±

4.1 ±

3.9 ±

0.20 a

0.23 a

0.09 a

0.21 a

0.04 a

0.23 a

0.23 a

0.21 a

304 P

304 UP

316 P

316 UP



*Mean  SE



Values sharing the same superscript in a row are statistically similar and different
superscripts show that the counts are significantly different and the differences are
considered significant at p value <0.05
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Table 2. Viable counts in used up suspension media

Mean Log count in used up media (cfu/mL) *
SS coupons

Week 2

Week 4

Week 6

Week 8

304 P

6.4 ± 0.01 a

6.3 ± 0.01 a

7.3 ± 0.02 a

7.3 ± 0.02 a

304Up

6.3 ± 0.01 a

6.8 ± 0.25 a

6.6 ± 0.17 a

7.1 ± 0.11 a

316 p

6.4 ± 0.01 a

6.3 ± 0.40 a

6.8 ± 0.29 a,c

7.3 ± 0.01 b,c

316 up

6.3 ± 0.01 a

6.3 ± 0.02 a

6.7 ± 0.35 a,c

7.2 ± 0.05 b,c



*Mean  SE



Values sharing the same superscript in a row are statistically similar and different
superscripts show that the counts are significantly different and the differences are
considered significant at p value <0.05

144
Table 3. Elemental composition of control coupons and pitted surfaces
Element 304 P

304 P

304 UP

304 UP

316 P

316 P

316 UP

316 UP

Units

Control Pitted

Control

Pitted

Control Pitted

Control

Pitted

C

0.01

0.00

0.01

0.00

0.02

0.00

0.03

0.04

Wt%

Si

0.93

0.80

0.75

0.58

0.45

0.95

0.45

0.43

Wt%

P

0.22

0.30

0.43

0.55

0.00

0.45

0.00

0.45

Wt%

S

0.00

0.53

0.00

1.20

0.00

0.67

0.00

0.87

Wt%

Cr

22.27

23.27

23.00

20.48

17.70

18.00

17.74

17.62

Wt%

Mn

2.07

1.29

2.10

1.26

2.06

2.12

2.09

2.18

Wt%

Fe

64.52

62.94

64.48

63.49

65.30

63.65

65.27

64.30

Wt%

Ni

9.98

9.10

9.23

10.77

10.10

8.36

10.03

9.70

Wt%

Mo

0.00

0.00

0.00

0.00

4.37

3.70

4.39

3.99

Wt%

O

0.00

1.77

0.00

1.67

0.00

2.10

0.00

0.42

Wt%
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Table 4. Metal ion composition of used up milk
SS

304 P

Cr

Cr

(control,

(mg/gm

(mg/gm

(control,

(mg/gm11

(mg/gm

mg/gm

11% TS

96% TS

mg/gm

% TS

95% TS

NFDM)

sample)

sample)

NFDM)

sample)

sample)

0

ND

ND

0.0031

0.0005

0.0044

0

ND

ND

316 P

0.0031

0.0007

0.0062

0

ND

ND

316 UP

0.0031

0.0004

0.0033

0

ND

ND

304 P

0.0031

0.0012

0.0104

0

ND

ND

0.0031

0.0006

0.0056

0

ND

ND

316 P

0.0031

0.0014

0.0119

0

ND

ND

316 UP

0.0031

0.0014

0.0118

0

ND

ND

304 P

0.0031

0.0067

0.0583

0

ND

ND

0.0031

0.0006

0.0056

0

ND

ND

316 P

0.0031

0.0025

0.0215

0

ND

ND

316 UP

0.0031

0.0007

0.0061

0

ND

ND

304 P

0.0031

0.0021

0.0179

0

ND

ND

0.0031

0.0006

0.0053

0

ND

ND

316 P

0.0031

0.0025

0.0221

0

ND

ND

316 UP

0.0031

0.0006

0.0057

0

ND

ND

304 P

0.0031

0.0078

0.0684

0

ND

ND

Week 304 UP
4

Cr

0.0023

Week 304 UP
3

Fe

0.0003

Week 304 UP
2

Fe

0.0031

Week 304 UP
1

Fe
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Week 304 UP
5

0.0031

0.0003

0.0023

0

ND

ND

316 P

0.0031

0.0025

0.0218

0

ND

ND

316 UP

0.0031

0.0006

0.0052

0

ND

ND

304 P

0.0031

0.0018

0.0161

0

ND

ND

0.0031

0.0005

0.0040

0

ND

ND

316 P

0.0031

0.0025

0.0219

0

ND

ND

316 UP

0.0031

0.0006

0.0054

0

ND

ND

304 UP

0.0031

0.0016

0.0135

0

ND

ND

0.0031

0.0004

0.0034

0

ND

ND

316 UP

0.0031

0.0052

0.0457

0

ND

ND

304 UP

0.0031

0.0002

0.0019

0

ND

ND

316 P

0.0031

0.0002

0.0020

0

ND

ND

0.0031

0.0006

0.0054

0

ND

ND

304 UP

0.0031

0.0007

0.0057

0

ND

ND

316 P

0.0031

0.0004

0.0031

0

ND

ND

Week 304 UP
6

Week 316 P
7

Week 316 UP
8

* ND- not detected in the sample
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Figure 1A. Polished SS 304 control coupon surface area SEM morphology viewed at
1000 X magnification. Area under scan ≈ 1200 μm2. The threads are due to polishing of
the surface

Figure 1B. Pitting on polished SS 304 coupon exposed to multispecies biofilm of B.
sporothermodurans and G. stearothermophilus for a period of 2 weeks at 55oC.
Morphology viewed at 1000 X magnification. Area under scan ≈ 1200 μm2
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Figure 1C. 3500 X magnified SEM image of pits induced by mixed species biofilm of B.
sporothermodurans and G. stearothermophilus on unpolished SS 304 coupon surface.
Area under scan ≈ 500 μm2. Presence of corrosion product inside the pit is being shown
by blackening inside the pit

Figure 2A. Polished SS 316 control coupon surface area morphology viewed at SEM
1000 X magnification. Area under scan ≈ 1200 μm2. The threads are due to polishing of
the surface
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Figure 2B. Polished SS 316 coupon surface with a pit induced after 2 weeks of exposure
to mixed species biofilm of B. sporothermodurans and G. stearothermophilus cultured at
55oC, viewed at 1000 X magnification. Area under scan ≈ 1200 μm2

Figure 2C. 3500 X magnified SEM image of pit induced by biofilm of B.
sporothermodurans on Polished SS 316 coupon surface and area of scan ≈ 500 μm2.
Corrosion products can be seen deposited inside the pit in the form of small chunks
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Figure 3A. Unpolished SS 304 control coupon surface area SEM morphology viewed at
1000 X magnification. Area under scan ≈ 1200 μm2. The crevices on the surface are the
grains of alloying elements

Figure 3B. Unpolished SS 304 coupon surface (SEM 1000 X magnification) with a large
crater on it, after the coupon was exposed to mixed species biofilm of B.
sporothermodurans and G. stearothermophilus at 55oC for a period of 1 week. Black
arrows show the location of pits on a scanned area of around 1200 μm2
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Figure 3C. 3500 X magnified SEM image of pit induced by mixed species biofilm of B.
sporothermodurans and G. stearothermophilus, when SS 304 coupon was for a period of
1 week at 55oC. Area under scan ≈ 500 μm2. Small pits inside the big crater can be seen,
which increase the surface area of the pit and hence deepens it

Figure 4A. Unpolished SS 316 control coupon surface area SEM morphology viewed at
1000 X magnification. Area under scan ≈ 1200 μm2. The crevices on the surface are the
grains of alloying elements
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Figure 4B. Unpolished SS 316 coupon surface with a large pit, after the coupon was
exposed to mixed species biofilm of B. sporothermodurans and G. stearothermophilus
for a period of 2 weeks at 55oC. Black arrows show the location of pits on a scanned area
of around 1200 μm2 at SEM 1000 X magnification

Figure 4C. 3500 X magnified SEM image of pit induced on unpolished SS 316 coupon,
exposed to mixed species biofilm of B. sporothermodurans and G. stearothermophilus
for a period of 2 weeks at 55oC. Surface and area under scan ≈ 500 μm2. Small pits inside
the big crater can be seen which increase the surface area of the pit and also deepens it
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Figure 5A. 3500 X magnified SEM image of pit induced by multi species biofilm of B.
sporothermodurans and G. stearothermophilus on an unpolished SS 304 coupon surface

Figure 5B. Distribution of carbon (C) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface
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Figure 5C. Distribution of Chromium (Cr) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface

Figure 5D. Distribution of Iron (Fe) on and around a pit induced by multi species biofilm
of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304 coupon
surface
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Figure 5E. Distribution of Manganese (Mn) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface

Figure 5F. Distribution of Nickel (Ni) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface
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Figure 5G. Distribution of Oxygen (O) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface

Figure 5H. Distribution of Phosphorus (P) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface
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Figure 5I. Distribution of Sulfur (S) on and around a pit induced by multi species biofilm
of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304 coupon
surface

Figure 5J. Distribution of Silicon (Si) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304
coupon surface
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Figure 5K. Overlay image of Iron (Fe) and Oxygen (O) on and around a pit induced by
multi species biofilm of B. sporothermodurans and G. stearothermophilus on an
unpolished SS 304 coupon surface
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Figure 5L. Elemental composition in and around a pit induced by multi species biofilm
of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304 coupon
surface. Presence of Oxygen (O) and Sulfur (S) in the micrograph show the presence of
corrosion product.
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Figure 6A. 3500 X magnified SEM image of pit induced by multi species biofilm of B.
sporothermodurans and G. stearothermophilus on an unpolished SS 316 coupon surface

Figure 6B. Distribution of Carbon (C) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface
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Figure 6C. Distribution of Chromium (Cr) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface

Figure 6D. Distribution of Iron (Fe) on and around a pit induced by multi species biofilm
of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316 coupon
surface
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Figure 6E. Distribution of Manganese (Mn) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface

Figure 6F. Distribution of Nickel (Ni) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface
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Figure 6G. Distribution of Molybdenum (Mo) on and around a pit induced by multi
species biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS
316 coupon surface

Figure 6H. Distribution of Oxygen (O) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface
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Figure 6I. Distribution of Phosphorus (P) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface

Figure 6J. Distribution of sulfur (S) on and around a pit induced by multi species biofilm
of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316 coupon
surface
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Figure 6K. Distribution of Silicon (Si) on and around a pit induced by multi species
biofilm of B. sporothermodurans and G. stearothermophilus on an unpolished SS 316
coupon surface

Figure 6L. Overlay image of Iron (Fe) and Oxygen (O) on and around a pit induced by
multi species biofilm of B. sporothermodurans and G. stearothermophilus on an
unpolished SS 316 coupon surface
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Figure 6M. Elemental composition in and around a pit induced by multi species biofilm
of B. sporothermodurans and G. stearothermophilus on an unpolished SS 304 coupon
surface. Presence of Oxygen (O) and Sulfur (S) in the micrograph show the presence of
corrosion product.
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CHAPTER 4
EFFECT OF CIP CHEMICALS ON PITTING CORROSION PRE-FORMED ON
STAINLESS STEEL COUPONS BY MICROBIAL BIOFILMS
SOMIL GUPTA
ABSTRACT
Cleaning of processing equipment helps in removal of soils and prevents the
accumulation of food residues, which can support the growth of bacterial biofilms in the
food manufacturing environments. Thus cleaning and disinfection of food contact
surfaces is important to ensure microbiological quality and safety of food products.
During processing, milk contact surfaces get heavily fouled by the milk components and
may also support the development of biofilms. Our previous research has shown that such
biofilms developed on contact surfaces may also cause pitting corrosion. It was further
hypothesized that pre-formed pitting corrosion by mixed species biofilms of B.
sporothermodurans and G. stearothermophilus on SS 304 and 316 coupons can be
further enhanced by exposure to CIP chemicals. Polished and unpolished SS coupons of
grades 304 and 316, which had pre-formed pitting corrosion on them as a result of
exposure to biofilms of B. sporothermodurans and G. stearothermophilus, were exposed
to five consecutive CIP cycles. After each cleaning cycle, pre-identified pitting corrosion
sites were analyzed by SEM for any changes in the pit structure. In the case of SS 316
coupons, no changes were observed post CIP in the structure of pre-formed pitting on
both polished and unpolished surfaces. However, unpolished coupons of SS 304
exhibited enhancement in the size of pre-formed pitting right after 3 CIP cycles. Polished
coupons of SS 304 were a somewhat resistant to this CIP influenced increase in the size
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of pre-formed pits, but gave way to progression of pitting after 5 CIP cycles. The role of
chlorine based sanitizer XY-12 along with the effect of temperature and contact time has
been proposed as the potential reasons for the progression of pitting on SS 304 coupon
surfaces. In addition, the absence of molybdenum in SS 304 coupons could be the other
probable reason for progression of corrosion in pre-formed pits on SS 304 coupons.
Key words: Fouling, CIP, Pitting, Corrosion, Stainless steel
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INTRODUCTION
Maintenance of hygiene in a food processing plant is an ongoing process for the food
industry. Cleaning and disinfection also are essential to ensure microbiological quality
and safety of food products (Changani et al., 1997). Randolph, (2010) suggested that
cleaning and sanitation programs are the most critical process in dairy plant operations,
and they are the very first step in dairy processing. Schmidt, (1997) defined cleaning as
complete removal of food soils by the use of appropriate detergent chemicals. Cleaning
may also be defined as a process, which helps in removal of soils and prevents the
accumulation of food residues, which can support the growth of bacterial biofilms in food
manufacturing environments. During the processing of milk, the surfaces get heavily
fouled by the milk components. Fouling has been defined as the consequence of
aggregation of milk components within the bulk of fluid upon heating (Visser and
Jeurnink, 1997). Regular fouling in dairy heat exchangers, due to the operating
conditions, has been a longstanding problem (Changani et al., 1997). Visser and Jeurnink,
(1997) suggested that fouling of Plate Heat Exchangers (PHE) existed since their
introduction for pasteurization and sterilization since 1930s. If these fouled surfaces are
not cleaned, the may harbor the growth and development of bacteria in them, which
would lead to development of biofilms. The problems associated with biofilms such as
reduced heat transfer, contamination of food products, blockage problems (Russell, 1993)
have been well documented. Studies conducted in our lab have also shown the ability of
such biofilms in corroding SS used in dairy plants. Hence, cleaning of biofilms prior to
and after manufacturing becomes a necessary step in the manufacture of quality dairy
products. Various factors such as pH, temperature, and the heat denaturation of whey
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proteins, calcium phosphate salts, casein molecules, surface characteristics and flow rates
have been linked to the fouling of heat exchangers (Visser and Jeurnink, 1997). When
milk and whey are heat treated at lower temperatures (<110oC), the foulant formed on
milk contact surfaces is of a soft proteinaceous layer (Mercadé-Prieto et al., 2007). Whey
protein β- lactoglobulin is the major contributor to the formation of this proteinaceous
foulant (Lalande and Tissier, 1985). Burton (1968) suggested that fouling formed upon
treatment of milk between temperatures of 80oC and 105oC has majorly whey protein βlactoglobulin (50-60%), calcium phosphate salts (30-50%), and 4-8% fat. These
proteinaceous dairy fouling layers are complex heat-induced gels. Processing at higher
temperatures create harder deposits of inversely soluble salts of calcium phosphates
(Burton, 1968). These hard granular deposits consist of 70-80% minerals, 15-20%
protein, and 4-8 % fat. Work by Bouman et al., (1982) also found protein and calcium in
the foulant layers in regenerative, and heating sections of milk PHE. The removal of
these deposits becomes necessary as they can impart serious flavor defects in the final
food products. They pose serious threat towards the microbial quality of foods as the
research has shown that during long runs of milk processing equipment the bacterial load
goes up (Murphy et al., 1999, Scott, 2007). One reason contributing to that is the
multiplication of bacteria within the biofilms formed on the surfaces due to favorable
growth temperatures and regular nutrient availability in terms of raw milk. The other
important reason is the availability of surfaces for attachment of those biofilms. These
fouled surfaces act as excellent surfaces for adhesion of bacterial biofilms (Marchand et
al., 2012). Once these biofilms establish themselves on the equipment surface, they are
very hard to be eliminated completely. To remove the fouled layers as well as bacterial
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biofilms from heat processing equipment, most of the dairy manufacturing plants clean
their equipment at-least once a day (Visser and Jeurnink, 1997). Cleaning operations in a
dairy manufacturing plant can be primarily of two forms; manual and automated. Manual
cleaning often termed as Clean-Out-of-Place (COP) was in use prior to 1950s (Randolph,
2010). Automated cleaning, often called Clean-in-place (CIP) is relatively new and a
continuously evolving process. The CIP processes were introduced to minimize the
cleaning time by removing the need to dismantle the equipment. CIP systems can either
be centralized, where the whole manufacturing plant is cleaned through a central system
or decentralized where each manufacturing process has its own CIP system. As explained
before, various components are present on the fouled equipment surfaces, and depending
upon the nature of the foulant present different chemicals are employed for their removal
to make the surface clean for next production run. Commonly recommended chemicals
for cleaning fouled SS surfaces are non-abrasive alkalis and acids (Parker, 2007). Fat
residues usually can be washed away with hot water, which has a temperature above the
melting point of fat in the fouled layer. Difficult to clean fat fouled surfaces can be
cleaned using alkaline detergents, which have good emulsifying or saponifying
ingredients (Schmidt, 1997). As a matter of fact, casein is used in making glues due to its
adhesive properties. Heat denatured proteins can be extremely difficult to remove. Thus
proteinaceous fouling is the most difficult to remove. Employing the use of highly
alkaline detergents along with some surface wetting agents to improve the wettability and
suspendability of proteins, and a hypochlorite, can help remove fouled layers (Schmidt,
1997). Under the effect of heat and high alkalinity, calcium and magnesium salts from
milk deposits can combine with bicarbonates to form highly insoluble complexes.
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Mineral soils can also have salts of iron or manganese. These mineral deposits are also
called mineral stones. Their removal requires the use of an acid cleaner (Schmidt, 1997).
Biofilms are difficult to remove and usually require cleaners as well as sanitizers with
strong oxidizing properties. Quaternary ammonium compounds (QACs), chlorine and
iodofors are some of the disinfecting or sanitizing agents often used in the food industry
to remove biofilms (Aarnisalo et al., 2007). Some authors have also suggested the use of
enzymes such as proteases and lipases in combination with CIP chemicals to remove
biofilms from food contact surfaces. Along with the type of chemical used to remove the
soil, various other factors that influence their effectiveness are the time for which
cleaning agent is in contact with the fouled surface, its chemical concentration and
temperature, and the shear it produces, which further depends upon the flow rate at which
it is flowing on the fouled layer (BCCDC, Schmidt, 1997, Fryer et al., 2006, Randolph,
2010). As reviewed above, the chlorine and hypochlorites could be used in removing
biofilms and proteinaceous layers, dairy plants employ the use of both. In certain reports
chlorine has been observed to cause pitting corrosion of PHEs (BCCDC, Cowan, 1971,
Corrosion Handbook, 2008). Use of severe cleaning cycles has also been shown to
corrode the surfaces of SS equipment. Based on those findings and from our other work
(Chapter 2 and 3), it was decided to evaluate the enhancement of pre-formed pitting
corrosion from biofilms of B. sporothermodurans and G. stearothermophilus on SS 304
and SS 316 polished and unpolished surfaces, under the effect of CIP cycle as used in a
commercial dairy plant. Based on the time temperature combinations used by dairy plant
considered for this study, the most severe of all CIP modules, which was for cleaning of
Milk Evaporator, was used. It was hypothesized that severe cleaning cycles will cause
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progression of corrosion in the pre-formed pits on SS surfaces, which were exposed to
biofilms of B. sporothermodurans and G. stearothermophilus.
MATERIALS AND METHODS
Sourcing of Chemicals
All the CIP chemicals required in the study were sourced from SDSU dairy plant. Acidic
detergent Enviroacid Plus (Ecolab), Alkaline detergent Conquest (Ecolab), Chlorine
based detergent XY-12 (Ecolab), Sanitizer Mandate Plus (Ecolab) were used.
Acidic detergent of pH 2.5 was prepared by mixing 1ml of Enviroacid Plus with 1Liter of
deionized water. The detergent was heated to 63oC on hot plate (Corning PC-620D) and
was maintained at that temperature. Alkaline detergent of pH 12 was prepared by mixing
5.1 mL of Conquest with 1 Liter of deionized water. The detergent was then heated to
71oC and was maintained at that temperature. Chlorine based detergent of concentration
around 200 ppm was prepared by mixing 1.2 mL of XY-12 in 1 Liter of deionized water
at room temperature. Sanitizer solution of pH 2.70 was prepared by mixing 1.5 ml of
Mandate Plus in1 Liter deionized water. This sanitizer solution was heated and
maintained at 32oC. All the chemicals were prepared in clean glass bottle and were
maintained at their above said temperatures till further use. During preparation of
chemicals special care was used as to avoid any accidents.
Biofilm formation on Stainless Steel Coupons
SS 304 polished and unpolished coupons, as well as SS 316 polished and unpolished
coupons (2.54 cm x 2.54 cm x 0.2 cm) which were pre-exposed to biofilms of B.
sporothermodurans or G. stearothermophilus either as mono or mixed species biofilms of
both cultures in previous chapters, were used for this study. Prior to their use, Scanning

174
electron Microscopy (SEM) was used to make sure that the coupons being used had
developed pits on them due to exposure to biofilms using. Two coupons of each grade as
well as surface finish were used in the experiments. Prior to their CIP, the coupons were
rinsed with deionized water to remove any adhering debris or dust particles.
CIP Protocol
Three CIP protocols; to clean a PHE, Evaporator, and Dryer are commonly used in SDSU
dairy plant (Table 1). All the three CIP cycles were analyzed to find the most severe
treatment to SS. CIP cycle that had the highest chemical temperatures used, and the
longest time durations of chemical exposure was regarded as the most severe one. Out of
PHE CIP, Evaporator CIP and Dryer CIP, evaporator had the longest durations of CIP
chemicals used. Temperature of chemicals used in all three treatments was found to be
same. Thus CIP protocol, as used at SDSU dairy plant for cleaning the evaporator, was
chosen and used in this study. For stimulating the conditions, as occurring in an
evaporator, two coupons of each grade and surface finish were placed in four separate
petri dishes, which were setup in shaking incubator (MaxQ-4450, Thermo scientific) set
at 100 RPM, and at different temperatures depending on the step of CIP being followed.
50 ml of respective chemicals was added to each dish plated in shaking incubator as a
stepwise process. For Pre rinse steps, deionized water was used. During the alkali steps,
i.e. conquest cleaning steps, XY-12 was also added, because at SDSU plant, Chlorine is
injected along with conquest to increase the cleaning efficiency. A mixture of caustic and
chlorine provided a better access to chlorine to reach the inner layer of fouling and
initiate the reaction between chlorine and foulant and enhances cleaning efficiency (Liu
et al., 2001). The drain steps were clubbed together i.e. Pre rinse drain was clubbed with
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Pre rinse step, Conquest drain step was clubbed with Conquest drain step, Second rise
drain step with second rinse step, Acid drain with Acid wash, and Post rinse drain step
with post rinse step. This was done to simulate the removal of chemicals during drain
steps, as no pump was being used to flush out the chemicals. And also in a commercial
plant, during the drain step of a certain chemical, the chemical to be drained flows on the
equipment surface till it reaches drain inlet, which means that the chemical still remains
on the same surface till its drainage is complete. In this study, all the coupons were
treated by 5 CIP cycles on a period of 5 days.
Imaging studies of SS coupons
Scanning Electron Microscopy was used to generate surface morphology micrographs of
pitted areas on CIP treated coupons using Hitachi S-3400N (SEM), at aperture setting of
80 µm (Poudel et al., 2012). The coupons were scanned at a lower magnification of 1.0 K
and a higher magnification of 3.5 K was used. The areas of the coupon scanned at 1.0 K
and 3.5 K were 50 µm and 10 µm, respectively, at the above settings with a zero degree
tilt. Imaging was done at 20-25 KV accelerating voltage to produce better image, by
maintaining a distance of 10 mm from the sample coupon. Emission current was
maintained close to 88 µAmps, Filament current was kept at 34 µAmps and Probe current
was 82 µAmps. Gun bias was kept zero.
RESULTS AND DISCUSSION
Effect of CIP on SS 304 polished and unpolished coupons
After each CIP cycle, SEM was used to analyze the coupons to detect any structural
changes in pit morphology. After the exposure of unpolished coupons of grade SS 304 to
first CIP treatment, as given to a typical dairy evaporator, no changes were observed in
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the pit morphology. No initiation of new pitting corrosion on the coupon surface was
observed. The coupons were successively given CIP treatments and were analyzed under
SEM after each treatment. The results obtained after third CIP cycle were interesting. It
was seen that there was a pit progression in two pre-formed pit areas. One of the pits
almost doubled in size after the 3rd CIP treatment (Figure 1A, 1B). The same coupons
were given two successive CIP treatments to see if there was a further enhancement of
corrosion in the pit, but no observable change could be seen even after the fifth CIP
cycle. The pit areas remained unchanged since third CIP cycle.
The polished SS 304 coupons were also given the very same treatment. In the case of preformed pit on polished SS 304 coupon, no change in pit morphology was observed till
four CIP cycles. Slight progression in the pitted area was seen after the fifth CIP cycle
(Figure 2A, 2B). The reason for late onset of enhancement in pitting on polished SS 304
coupon as compared to unpolished SS 304 coupon could not be completely explained.
Pre-formed pit on polished SS 304 coupon had higher amounts of Chromium as
compared to unpolished SS 304 coupons (Table 2). This could be one of the reasons for
late onset of enhancement in pitting, as Chromium is added to SS to give it corrosion
resistance. Some researchers have proposed that rough surfaces are more prone to pitting
and crevice corrosion as compared to smoother surfaces (Hilbert et al., 2003). In our case
unpolished surface was the rougher surface. The statement by Hilbert et al., (2003) hold
true in our case, but he did not suggest if his statement holds true for chemically induced
corrosion or not. It is difficult at this point to suggest the accurate reason for progression
of pitting in both polished and unpolished surfaces of SS 304. The absence of
molybdenum from SS 304, which is added in SS 306 to improve its anti-corrosion
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abilities, might be the reason of progression of pitting. As seen in Table 2, higher levels
of Sulfur, and lower levels of Nickel in the pre-formed pits on unpolished SS 304 as
compared to polished SS 304 coupons could also be a reason for early onset of
enhancement of corrosion in pre-formed pits. The pre-formed pits had slightly higher
amount of oxygen, indicating the presence of slightly higher amount of corrosion
products in the pre-formed pit. One more proposed reason for pitting progression on both
surface finishes of SS 304 under the influence of CIP chemicals could be a pre-formed
elemental change in the pitted area as an effect of MIC, such as lower amounts of
Manganese, Iron, and presence of Oxygen, which might have further changed during
usage of cleaning chemicals resulting in pitting progression. Contrary to this, LeclercqPerlat et al., (1994) suggested that repeated CIP had shown not to change the surface
chemical composition. The results of this study are very relevant as the treatment
followed was very similar to ones followed in a commercial dairy plant, even though the
experiment was a lab scale design. From this study we can conclude that there is a
possibility that microbially induced pits on SS 304 surface could grow in size after
repeated CIP treatments. The rate of the growth of pitting corrosion may not be uniform.
If the progression and or induction of such pits keep on occurring throughout the
equipment usage, then the cleanability of SS will show a marked decrease (Flint et al.,
2000). Sodium hypochlorite present as one of the chemicals in the chorine based sanitizer
XY-12 might have also caused the progression of pitting in SS 304 coupons. Cowan,
(1971) suggests that sodium hypochlorite is corrosive to SS and its use can be hazardous
to process equipment. He suggested that if sodium hypochlorite is a necessity, then the
concentration should be 150- 200 ppm and not more than that. Maximum time and

178
temperature allowed for its contact with a surface should never be more than 20 minutes
and 40oC. But in our cleaning cycles, it was used for 50 minutes at a temperature of 71oC.
On the other hand, BCCDC report showed that chlorine at 250 ppm and at a pH below
7.5 is highly corrosive. The CIP cycle we followed had alkaline pH during alkaline
washing step, during which XY-12 was added to petri dishes. There is a great probability
that progression in pitting is due to the presence of chlorine at elevated temperature and
higher residence time. Schmidt (1997) suggested the presence of oxygen or salts of
calcium, magnesium, manganese or sodium in water used during CIP as probable reasons
corrosion of SS.
Effect of CIP on SS 316 polished and unpolished coupons
Hilbert et al., (2003) suggests that corrosion failure is very common in food industry
when there is a deviation from recommended disinfection procedures. This could mean
that corrosion could set in either due to improper use of chemicals or either not carrying
out cleaning at regular intervals, which could lead to buildup of organic matter and hence
form biofilms which then can corrode SS, as explained in previous chapters 2 and 3. No
changes were observed in the morphology of pre-formed pits on SS 316 polished and
unpolished coupons even after five repeated CIP treatments as were given to SS 304
coupons. Wang et al., (2001) suggested a passivation of SS 316 on coming in contact
with acids and attributed it to improved corrosion resistance. This could be a reason that
although the surfaces had pre-formed pits on them as a result of MIC, but when the same
surfaces came in contact with acid cleaner during the very first of CIP, passivated layers
developed on them as well as rest of the coupon surface, which then protected it from any
effect from any of the cleaners used later on in CIP cycles. Although there were
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differences such as higher Sulfur, higher Oxygen, lower Nickel, and lower Molybdenum
in the elemental compositions of pre-formed pits on both surfaces of SS 316 coupons, as
compared to control surfaces (Table 2), but there was no enhancement of pitting on any
of the coupons. Hilbert et al., (2003) stated that corrosion resistance depends on material
composition, mode of manufacturing, geometry and on the surface finish of a material.
The better performance, in terms of no enhancement of corrosion in pre-formed pits, as
exhibited by both surfaces of SS 316 as compared to SS 304 towards exposure to severe
chemical cleaning cycles can also be attributed to presence of molybdenum in SS, which
makes is corrosion resistant. There is a possibility that progression of pitting on SS 304
surfaces was only a result of chlorine treatment. Although similar passivated layer
formation as proposed in case of SS 316 coupons might have occurred, but the absence of
key alloying element from SS 304, which imparts better corrosion resistance in SS 316;
Molybdenum, along with the corrosive effects of Chlorine could have changed the
elemental arrangement of pitted areas, which might have led to an enhancement of
corrosion of pre-formed pits. High temperature could also increase the risk of corrosion
when cleaning SS with chlorine (Parker, 2007). SS 316 coupons were unaffected by
corrosive effect of chlorine probably due to the presence of innate corrosion resistant
factor such as molybdenum, and formation of passivated layer of oxides on them.
CONCLUSIONS
The results of current study have shown that repeated severe CIP treatment of SS 304
coupons could result in enhancement of corrosion in pre-formed pits, formed as a result
of MIC. Under similar severe cleaning treatments, SS 316 coupons proved immune to
any enhancement of corrosion of pre-formed pits, formed as a result of MIC. The
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probable reasons for these changes could be the absence of molybdenum in SS 304,
which gave way to progression of pitting to pre-formed pits after 3rd and 5th CIP cycle.
The other reasons could be any possible changes that might have occurred in the
elemental composition of the pits, after repeated CIP cycles. In addition, the role of
chlorine at higher temperature and for longer duration of time has been shown to be
hazardous for stainless steel. The current study may thus serve as a recommendation for
the dairy plants to either reduce the temperature at which chlorine is used during
Conquest wash cycles or reduce its contact time in the system to prevent any corrosion.
Although 5 repeated CIP cycles did not show any signs of progression of pitting in SS
316 surfaces, it cannot be said with confidence that chlorine or other chemicals used
during cleaning of the plant will not ever cause enhancement of pitting of pre-formed
pits, formed as a result of MIC. More experiments need to be performed and data needs
to be analyzed to completely understand the concept of expansion of pre-formed bio
corrosion under the effect of repeated cleaning cycles.
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Table 1. CIP protocols used at SDSU dairy plant
Time (minutes) / Temperature (oC)

Steps
PHE

Evaporator*

Dryer

4.00/37.8oC

20.00/54.4oC

45.00/43.3oC

8.00

15.00

45.00/71.1oC

30.00/71.1oC

5.00

5.00

8.00/54.4oC

10.00/48.8oC

5.00

5.00

20.00/62.7oC

20.00/62.7oC

5.00

5.00

8.00/32.2oC

10.00/37.7oC

Post Rinse Drain

5.00

5.00

Sanitize

0.30/32.2oC

0.45/32.2oC

Sanitize

5.00/32.2oC

15.00/32.2oC

5.00

5.00

Pre Rinse
Pre Rinse Drain
Conquest wash

45.00/79.4oC

Conquest Drain
Second Rinse

8.00/37.7oC

Second Rinse Drain
Acid wash

20.00/60.0oC

Acid Drain
Post Rinse

15.00/10.0oC

Recirculation
Final Drain



*CIP study used in the study
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Table 2. Elemental composition of pits on SS coupons
Element 304 P

304 P

304 UP

304 UP

316 P

316 P

316 UP

316 UP

Units

Control Pitted

Control

Pitted

Control Pitted

Control

Pitted

C

0.01

0.00

0.01

0.00

0.02

0.00

0.03

0.04

Wt%

Si

0.93

0.80

0.75

0.58

0.45

0.95

0.45

0.43

Wt%

P

0.22

0.30

0.43

0.55

0.00

0.45

0.00

0.45

Wt%

S

0.00

0.53

0.00

1.20

0.00

0.67

0.00

0.87

Wt%

Cr

22.27

23.27

23.00

20.48

17.70

18.00

17.74

17.62

Wt%

Mn

2.07

1.29

2.10

1.26

2.06

2.12

2.09

2.18

Wt%

Fe

64.52

62.94

64.48

63.49

65.30

63.65

65.27

64.30

Wt%

Ni

9.98

9.10

9.23

10.77

10.10

8.36

10.03

9.70

Wt%

Mo

0.00

0.00

0.00

0.00

4.37

3.70

4.39

3.99

Wt%

O

0.00

1.77

0.00

1.67

0.00

2.10

0.00

0.42

Wt%
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Figure 1A. Pitting on unpolished SS 304 coupon prior to CIP treatment. The red circles
show the location of pre-formed pits

Figure 1B. Pitting on unpolished SS 304 coupon after 3 CIP treatments. The red circles
show the location of pre-formed pits and black arrow show the pit progression
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Figure 2A. Pitting on unpolished SS 304 coupon prior to CIP treatment. The red circles
show the location of pre-formed pits

Figure 2B. Pitting on unpolished SS 304 coupon after 3 CIP treatments. The red circles
show the location of pre-formed pits and black arrow show the pit progression
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Appendix 2. Flow chart of CIP cycle used in evaporator

Pre rinse and drain / 28 minutes / 54oC

Conquest wash and drain / 50 minutes / 71oC

Second rinse and wash / 13 minutes / 54oC

Acid wash and drain / 25 minutes / 63oC

Post rinse and drain / 13 minutes / 54oC

Sanitizer wash and drain / 5.5 minutes / 32oC

Final wash and drain / 5 minutes / 54oC
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SUMMARY AND CONCLUSION
The overall conclusion drawn from this study is that thermoduric microbial
biofilms formed in dairy manufacturing plants can induce pitting corrosion on Stainless
Steel equipment surfaces.
This study establishes that thermoduric biofilms of B. sporothermodurans and G.
stearothermophilus can develop and persist on SS 304 and 316. Both grades of SS
equally supported the formation and attachment of biofilms of the bacterial strains
evaluated. Even the polished surfaces, which have lower surface roughness than
unpolished surfaces, supported the biofilm formation and attachment in similar manner as
exhibited by unpolished surfaces.
With the help of Scanning Electron Microscopy (SEM), induction of pitting could
be observed on coupons of SS 304 and 316 after two weeks of exposure to biofilm of
Geobacillus stearothermophilus. While, the pitting corrosion occurred only after a
prolonged exposure of 4 weeks, to the biofilms of Bacillus sporothermodurans. Under
the mixed species environment, the pitting corrosion got induced on SS 304 just after one
week of exposure to mixed species biofilm of B. sporothermodurans and G.
stearothermophilus. This suggests that SS 304 is more prone to pitting attack as
compared to SS 316, under a mixed microflora environment. Irrespective of the grade of
SS used, exposure to single or mixed species biofilms, or the time of exposure, pit
morphology observed on unpolished surfaces was comparable. Pits seen on unpolished
surfaces were in the form of large craters, which were very widely distributed over
the coupons. The large crater shaped pits also had pinhole like structures inside
them, which further widened the pit. Pit morphology on polished surfaces of both
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grades of SS was also comparable, irrespective of their exposure to biofilms of single or
mixed species biofilm. Pits observed on polished coupons were deep and scattered
and had corrosion products deposited as debris, either on or inside the pits.
A comparison of polished and unpolished surfaces of both grades exposed to
thermoduric biofilms showed that initiation of pitting on both polished and unpolished
surfaces usually occurred at same times. An exception to this behavior was exhibitted by
biofilm of B. sporothermodurans. However, unpolished surfaces were always seen to
have greater number of pits as compared to polished surfaces suggesting that unpolished
surfaces were more susceptible to corrosion attack.
Elemental dispersive spectroscopy (EDS) for elemental composition of the pits
showed the presence of oxygen and sulfur and a reduction in iron, which related to the
presence of corrosion products, and helped to conclude the occurrence of pitting
corrosion on surfaces exposed to bacterial biofilms.
The presence of large amounts of iron in the spent milk suspensions demonstrated
the leaching out of Iron from microbially induced pit surfaces during the course of
pitting or its induction.
Five-repeated CIP treatment of SS 304 coupons resulted in the enhancement of
pitting corrosion in pre-formed microbially induced pits. Under similar cleaning
treatment, SS 316 coupons did not show any enhancement of pitting corrosion of preformed microbially induced pits.
Thus this study concluded that:
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Polished as well as unpolished SS surfaces of grades 304 and SS 316 used in
dairy industry equally supported the formation and attachment of thermoduric
biofilms.



Stainless steel 304 was more susceptible to pitting corrosion by biofilms of
thermoduric spore formers as compared to SS 316.



Unpolished surfaces were more prone to pitting corrosion, as number of pits was
always greater on unpolished surfaces as compared to polished surfaces.



Iron leached out from microbially induced pits into the spent milk that came in
contact with such a pitted surfaces.



CIP chemicals such as Chlorine enhanced the pitting corrosion of SS 304
surfaces, however, such an effect was not observed on SS 316 surfaces after five
CIP cycles.
All the studies presented in this thesis were performed under a static system.

Further studies may be conducted in a continuous flow system, as there might be
differences in the onset of pitting corrosion under flow conditions, as the bacterial biofilm
formation will be different.

